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CLASSIFIED  ABSTRACT 


The  decomposition  of  INPO-635P  in  the  free  amine  and  ammonium  ion 
forms  has  been  studied  in  dilute  aqueous  solution.  Decomposition 
of  the  free  amine  of  INPO-635P  is  rapid  at  room  temperature  and 
takes  place  unimolecularly  to  form  ethyl enimine.  In  the  solid 
state,  detonation  occurs  almost  immediately  in  anhydrous  ammonia 
gas.  The  tris(dif luoroamino)  group  of  INFO-635P  in  acid  decomposes 
at  100®C.  by  horaolytic  C-K  bond  rupture  into  -NPa  radicals,  and 
the  final  products  containing  nitrogen  are  NgO  and  Na.  The.  ethanol- 
amine  formed  seems  to  act  as  a  reducing  agent  in  acidic  solutions 
and  this  should  be  tested  conclusively  for  the  solid  decompositions 
as  well.  In  general,  the  gaseous  product  distribution  from  solid 
phase  decomposition  is  similar  to  that  in  acid  solution. 

The  kinetics  of  decomposition  of  compound  Delta  is  complex.  At 
the  high  end  of  the  temperature  range  studied,  i4o°-l90“C.,  the 
dominant  reaction  is  first  order  in  Delta,  and  homogeneous.  A 
second  competing  mechanism  becomes  more  dominant  at  the  intermediate 
temperatures  where  no  distinct  first  order  rate  can  be  observed. 

The  reaction  at  these  lower  temperatures  is  homogeneous,  and  possibly 
3/2  order. 
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I .  INTRODUCTION 


The  purpose  of  this  research  has  been  to  determine  the  kinetics 
and  mechanism  oi  the  decomposition  of  Delta  and  INFO-655P  under 
slow  thermal  co„ir  Itions  with  the  objective  of  using  this  knowledge 
to  reduce  their  ..hock  sensitivities.  The  first  of  these  compounds, 
tetrakis(difluoroamino) methane  (compound  Delta),  was  studied  in  the 
gas  phase  at  temperatures  of  l40®-200°C.,  whereas  the  second, 
2-tris(dif luoroamino)methoxyethylammonium  perchlorate  {INFO-655P) t 
an  ionic  solid,  was  studied  in  aqueous  solutions.  Admittedly, 
slow  thermal  decomposition  studies  cannot  lead  to  a  detailed  mech¬ 
anism  for  the  explosive  reaction,  but  can  yield  a  mechanism  for  the 
initial  reaction  and  the  intermediates  which  precede  a  chain  or 
thermal  explosion.  With  this  information,  it  should  be  possible  to 
make  an  intelligent  choice  of  traps  or  inhibitors  to  prevent  ex¬ 
plosion.  In  this  report  the  homogeneity  of  the  gas  phase  decom¬ 
position  of  Delta  was  determined  as  well  as  evidence  supporting 
the  existence  of  competing  reactions  in  the  overall  mechanism.  The 
stoichiometric  equations  for  the  decomposition  of  Delta  and  INFO- 
635P  in  basic  and  acidic  solution  have  been  almost  completely  estab¬ 
lished.  Kinetic  studies  on  both  compounds  have  resulted  in  tentative 
decomposition  mechanisms. 
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II.  DECOMPOSITION  STUDIES  OP  INFQ-635P 


This  section  will  report  the  work  done  on  INPO-655P,  whereas  the 
following  Section  III  will  deal  exclusively  with  Delta. 

A.  DISCUSSION  AND  RESULTS 

1.  Method  of  Study 

The  decomposition  of  INPO-655P  has  been  studied  in  solution  in 
order  to  gain  an  understanding  of  the  mode  of  decomposition  of 
Isolated  molecules  in  environments  of  different  acidity  and  polarity. 
Solution  kinetic  data  are  far  easier  to  Interpret  than  solid  state 
data,  and,  furthermore,  it  is  possible  to  study  singly  the  various 
parts  of  the  INPO-635P  molecule.  By  analogy  with  other  ammonium 
salts  such  as  ammonium  perchlorate  or  ammonium  nitrate,  it  seemed 
reasonable  to  assume  that  the  following  equilibrium  is  established 
in  solid  INPO-655P,  particularly  on  the  stirface: 

(NP2)3C0CH2CH2NH3'^C104"  ^  (NP2)  3C0CH2CH2NH2  +  HCIO4 

This  suggested  a  step  by  step  consideration  of  the  decomposition 
of  INPO-635P:  first,  the  organic  part  of  INPO-635P,  including  the 
free  amine,  and  ammonium  ion  in  aqueous  base  and  aqueous  acid,  re¬ 
spectively,  and  secondly,  bringing  in  the  inorganic  group,  the 
perchlorate  ion,  to  study  the  ion  pair  In  a  slightly  polar  organic 
solvent.  Since  it  is  known  that  INPO-655P  is  unstable  in  base,  the 
free  amine  was  studied  first  because  this  would  seem  to  have  the 
greatest  effect  on  the  sensitivity  of  the  solid. 

2.  The-  Free  Amine  Decomposition 


a.  Stoichiometry  -  The  complete  decomposition  of  dilute  lNi'’0-63bP 
solution  (10“^  M)  in  excess  base  at  room  temperature  follows  the 
equation;  (NF2}  3C0CH2CH2NH2  +  9  OH"  -►  5.68  P"  +  I.I9  003“  + 
0.92  H2C  -  CHs  +  0.28  N02"  +  1.05  N2  +  C.l  NaO  +  5  HaO  +  (N03"  ?)  (l) 
/ 

H 
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Small  amounts  of  ethylene,  acetylene,  and  dif luorodlazirine  have 
also  been  detected;  however,  no  ammonia,  nitric  oxide,  nitrogen 
dioxide,  or  tetraf luorohydrazlne  have  ever  been  observed.’ 

The  results  of  analysis  of  the  decomposition  products  are  recorded 
in  Table  I  in  terms  of  moles  of  product  per  mole  of  INPO-655P. 
Experiment  7045-20  was  run  in  a  closed  glass  volumetric  flask  in 
air,  whereas  Experiments  7045-52,  7045-56,  and  7045-42  were  run 
in  vacuum,  and  the  averages  are  calculated  on  the  basis  of  the  last 
three.  The  number  of  moles  of  base,  required  per  mole  of 

INPO-655P  -or  complete  decomposition  is  given  in  the  final  column 
of  Table  I. 

Table  I 

Results  of  Analyses  of  the  Products 
I7om  Basic  Hydrolysis  of  INFO-b55P 


Moles  of  Products  per  Mole  of  INFO-655P 


Experiment 

No. 

P- 

Volatile 

C 

Non-Volatile 

C 

NOs" 

Ng 

NsO 

Nqh" 

7045-20 

in  air 

6.0 

1.04 

1.86 

0.511 

— 

9.57 

7045-52 

5.6 

1.11 

1.82 

0.285 

— 

— 

8.96 

7045-56 

5.7 

1.275 

1.85 

0.275 

2.1 

0.11 

9.25 

7045-42 

5.75 

1.18 

1.84 

0.280 

1.0 

0.10 

9.02 

•Average 

5.68 

1. 19 

1.84 

0.28 

1.05 

0.105 

9.07 

*Thls  is  the  average  based  on  the  last  three  experiments. 

The  gaseous  products  were  analyzed  by  mass  spectroscopy  and  the 
results  are  given  in  Table  II.  It  was  necessary  to  consider  the 
amount  o^f  gas  dissolved  in  water  in  order  to  calculate  the  number 
of  moles  of  Ns  and  NsO  formed,  particularly  for  NsO,  which  is 
moderately  water  soluble.  The  gaseous  distribution  is  different 
from  that  reported  for  HNPs  decomposition  in  base^’®^^^^. 

The  material  balance  for  the  decomposition  equation  (l)  is  given 
in  Table  III.  The  P“  content  is  5/^  below  that  expected  from 
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INFO-655P,  and  this  cannot  as  yet  be  explained.  The  deficit  In 
oxygen  and  hydrogen  should  come  out  in  the  ratio  of  1:2  corres¬ 
ponding  to  water;  however,  the  observed  ratio  Is  1:1.78.  If  one 
assumes  5  moles  of  HgO  are  formed,  this  ratio  leaves  an  oxygen 
deficit  of  0.6  atoms. 


Table  II 

Mass  Spectral  Analysis  of  t^  Gaseous 
Decomposition  Products  of  INFO -6^5 P 

_  Component,  Mole 


Run  No. 

7045-32 

91.6 

3.85 

1.65 

2.02 

0.85 

7045-36 

94.4 

4.08 

0.20 

0.38 

0.78 

7045-42 

93. 

3.90 

1.33 

0.48 

0.69 

7045-54 

93.6 

4.47 

0.53 

0.69 

0.55 

^Excluding  water. 

Table  III 

Material  Balance  between  INFO-635F  +9.07  0H~ 
and  Analyzed  Products 

INFO-655P 

Element  +9.07  OH"  Products  D1 fference 


N 

4.0 

3.50 

-  0.50 

F 

6.0 

5.7 

-  0.30 

C 

3.0 

3.02 

+  •0.02 

0 

10.07 

4.23 

-  5-84 

H 

15.07 

4.60 

-10.40 

Ions 

9.07 

8.30 

-  0.67 
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It  was  previously  reported®  that  0.68  moles  of  NOa"  were  formed. 
This  has  been  found  in  error  as  a  result  of  the  effect  of  ethyl- 
enimlne  on  the  method  of  analysis.  Two  solutions  were  prepared 
which  were  both  0.15  N  in  base  and  0.01  N  in  Na^NOs”;  one  solution 
was  also  0.01  M  in  ethylenimlne.  The  nitrite  analysis  was  unaf¬ 
fected  by  ethylenimlne;  however,  by  reduction  with  DeVarda’s  alloy 
to  ammonia,  the  analysis  gave  apparently  O.OO67M  NOa”,  indicating 
that  ethylenimlne  behaved  just  like  the  ammonia.  This  indicates 
that  the  nitrate  analysis  using  reduction  to  nitrogen  ammonia  is 
grossly  in  error,  and  if  nitrate  is  present  at  all  it  is  probably 
only  0.1-0. 2  mole  NO3"  per  mole  of  INFO-655P. 

A  simple  oxidation-reduction  balance  indicates  that  one  mole  each 
of  N02~  and  N2  could  be  formed,  and  this  is  also  concluded  from 
the  material  balance  given  above.  The  deficit  in  nitrogen  and 
oxygen  corresponds  to  NOg".  Experiments  have  shown  that  the  N02~ 
is  not  appreciably  attacked  by  air,  0104"^  or  INF0'635P.  Although 
it  would  be  interesting  to  establish  the  stoichiometry  more  exactly 
it  was  felt  that  it  would  not  be  worthy  of  further  work. 

From  equation  ( l)  it  readily  becomes  apparent  that  the  mechoxy 
carbon-oxygen  bond  breaks  with  subsequent  formation  of  carbonate 
ion. 

Furthermore,  of  the  three  nitrogen  atoms  in  this  group  in  INFO-655F 
two  are  found  in  N2  and  one  in  NOc”  in  the  final  products. 

b.  Kinetics  of  the  Decomposition  of  the  Free  Amine  -  The  initial 
step  of  the  decomposition  of  the  free  amine  of  INFO-635P  in  basic 
solution  could  conceivably  consist  of  a  blmolecular  reaction  be¬ 
tween  the  amine  and  a  hydroxide  ion.  Since  the  three  NF2  groups 
on  the  methoxy  carbon  are  strongly  electronegative,  one  could  ex¬ 
pect  a  Sj^2  displacement  of  the  methoxy  group  by  hydroxide  Ion 
similar  to  an  ester  hydrolysis,  or  hydroxide  ion  could  attack  the 
N-F  bonds  initially.  The  latter  postulate  seems  improbable  since 
Minnesota  Mining  and  Manufacturing  Company  found  that  the  compound 
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(NFg) 3C0CH2C-0CH3®  was  completely  hydrolyzed  In  0.1  N  NaOH  at  25*C. 
In  three  days  to  the  sodium  salt  of  the  acid  without  disturbing 
the  -NPg  groups  on  the  methoxy  carbon.  In  a  striking  comparison, 
INFO-655P  decomposes  In  four  hours  under  these  same  conditions. 

The  compounds  NF3,  NgFg,  and  N2F4  are  also  surprisingly  resistant 
to  hydrolysis'^. 

The  Initial  rate  of  decomposition  of  the  amine  of  INFO“6;55P  In 
base  was  followed  In  two  ways:  first,  by  using  the  change  In  pH 
with  time, and  secondly,  by  following  pressure  with  time  as  In¬ 
dications  of  the  extent  of  reaction. 


Figure  1  shows  the  results  of  two  experiments  In  which  the  Initial 
INPO-655P  concentration  was  varied  at  constant  pH  (11.5)  to  deter¬ 
mine  the  order  of  Initial  reaction  v;lth  :  aspect  to  INPO-655P. 

The  equation,  ==  K(I)®(0H~)^  (2) 


where  I  =  INFO-655P  concentration  and  a  and  0  are  the  order  of 
reaction  with  respect  to  INFO-655P  and  hydroxide  Ion,  respectively, 
can  be  rearranged  Into  the  form: 


log 


(0H‘) 


1 


log  +  a  log  (I)^+  (e-1)  log  (OH-'^  (5) 


Plotting  log 


dlog  (0H~) 1 
dt 


vs.  log  (I),  at  constant  initial  pH 


jl  '  ^1 

gives  a  straight  line  with  the  slope  being  the  order  with  respect 
to  IMFO-655P. 


Figure  1  shows  such  a  plot  for  two  experiments  with  slopes  of  0.8? 
and  1.29  (average  of  1.07).  Thus,  the  reaction  Is  first  order  in 
IJIF0-6’5F>  as  expected. 

Similarly,  Figure  2  shows  the  same  function,  log  |  ^ 

vs.  log  (OH")^  with  constant  Initial  INFO-655P  concentration.  The 
results  show  that  with  increasing  (OH")^^  the  rate  also  increases 
up  to  pH  -  10.  Thereafter,  the  slope  changes  sharply  to  a  second 


-6- 

CONFIDENTIAL 


CONFIDENTIAL 


straight  line.  The  Initial  slope  Is  equal  to  0. 4-0.5#  with  a  & 
equal  to  1.4-1. 5;  the  second  slope  Is  equal  to  -1,  with  B  equal 
to  0.  Line  D  Is  for  a  larger  INP0-635P  concentration,  as  Indicated. 


The  pKa  of  ethanolamlne®  Is  9*4,  and,  assuming  that  this  Is  also 
the  pKa  of  INFO-655P,  It  Is  observed  that  above  a  pH  of  9-5  INFO- 
655P  rapidly  changes  Into  the  free  amine.  Unfortunately,  near  a 
pH  of  9-10,  a  change  In  hydroxide  concentration  Is  accompanied  by 
a  substantial  change  In  free  amine  concentration  so  that  the  true 


criterion  for  the  extent  of  reaction  Is  not 


■  d(OH-) 

at 


but 


■d{0H~)  j  d(  amine) 

at  + 


This  can  be  calculated  using  the  pKa  of 


9.5  and  In  Figure  5  are  plotted  log 
log 


d(0H 


dt 


as  well  as 


d(0H~)  ,  d( amine) 

dt  dt 


^  vs.  log  (OH")^.  The  slope  of  the 

second  plot  Is  1.1  rather  than  I.5,  but  a  mysterious  maximum  occurs 
In  this  plot  before  leveling  off  to  zero  slope  above  a  pH  of  10. 


These  results  certainly  Indicate  that  the  free  amine  Is  much  more 
reactive  than  the  ammonium  salt.  Furthermore,  the  free  amine 
decomposes  by  a  unlmolecular  mechanism  Independent  of  hydroxide 
ion.  The  hydroxide  Ion  only  serves  to  pull  a  proton  from  the 
ammonium  Ion  and  to  hydrolyze  Intermediates  after  the  rate- 
determining  step  for  decomposition  of  the  free  amine. 


This  observation  is  further  substantiated  by  measuring  the  pressure 
over  evacuated  solutions  having  varying  Initial  base  concentration 
but  constant  INFO-655P  concentration.  These  results  are  shown  In 
Figure  4.  The  Initial  INPO-655P  concentration  was  1.8  x  10"^  M, 
whereas  the  Initial  hydroxide  concentration  varied  from  0.56  x  10'^  M 
to  11.2  X  10"^  M  and  the  rate  of  evolution  of  gas  Is  unaffected.  At 
the  lowest  concentratlc  1,  the  hydroxide  ion  is  soon  depleted.  Addi¬ 
tion  of  ethanolamlnc  (O.Ol  M)  to  the  base  did  not  affect  the  rate 
of  evolution  of  nitrogen.  Of  course,  evolution  of  nitrogen 
Is  one  of  the  final  steps  In  this  complex  reaction.  Nevertheless, 
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Fig.  4  -  Pressure  vs'.  Time  at  "Various  Initial  Hydroxide 
Concentrations  ([INFO-635P] ^  =  O.OOI8  M) 
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it  Indicates  that  the  rate -determining  step  does  not  involve 
hydroxide  ion. 


c.  Proposed  Mechanism  for  Decomposition  of  the  Free  Amine  -  On 
the  basis  of  the  above  experiments  the  following  mechanism  is 
proposed  *. 


(NF2)3C0CH2CH2NH3''‘C104“  +  OH"  ->  (NP2)  3COCH2CH2NH2  +  H2O  +  C104" 

( fast) 

NH2'^ 


{NP2) 3COCH2CH2NHj 


NH2 

(NP2^  3COH2C  - •'^CH2 


HsC  -  CH2  +  (NF2)3C0' 

( clow) 


H2C - ^CH2  +  H2O  ->  HOCH2CH2NH2  +  H"*"  (slow) 

NH2'^  '  ’  NH 

H2C'' - ^^CH2  +  OH-  H2C^ — CH2  +  H£^  (fast) 


(4) 

(5) 

(6) 

(7) 


(NP2)3C0-  +  8  OH"  ->  6  F“  +  N02"  +  N2  +  003“  +  ^  H2O 

+  0.1  N2O  (+NO3"  ?)  (fast)  (8) 

The  three  ring  ethylenimine  intermediate  is  rather  common  in  P- 
substituted  aliphatic  amines®^ for  example,  S-chloroethylamlne 
cyclizes  quantitatively  to  ethylenimine  in  alkaline  solutions, 
but  the  ring  hydrolyzes  readily  in  neutral  or  acidic  solutions  to 
ethanolamine. 


NH 

CICH2CH2NH2  ^  H2C - CH2  +  HCl  (9) 

Once  the  tris(difiuoroamino)methoxy  group  is  liberated,  it  hydrolyzes 
rapidly.  A  crucial  test  for  step  (5)  is  the  detection  of  ethylen¬ 
imine  because  step  (6)  is  irreversible.  This  has  been  accomplished 
by  gas  chromatography,  which  indicated  that  in  0.1  N  NaOH  solution 
only  ethylenimine  plus  another  higher  boiling  compound  of  about  equal 
amount  are  formed  with  little  or  no  ethanolamine.  At  the  present 
time  this  second  component  is  not  identified. 
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d.  Further  Studies  In  an  Open  System  -  Up  to  this  point  the  work 
described  above  has  been  carried  out  in  a  closed  system.  The  re¬ 
sults  of  analyses  with  time  in  an  open  system  are  shown  in  Figure 
5.  One  of  these  experiments  (7045-5^)  was  carried  out  in  a  glass 
beaker  in  air,  and  a  second  in  nitrogen  atmosphere,  while  nitrogen 
was  bubbled  through  it  (Experiment  7045-6l) .  Samples  were  peri¬ 
odically  withdrawn  and  analyzed  for  fluoride  ion  and  non-volatile 
carbon j  the  rate  of  nitrogen  evolution  was  alco  followed  in  a 
closed  system.  The  results  indicate  two  conclusions:  first  that 
(P~)/5*7  9nd  Ne  initially  increase  at  the  same  rate,  but  that  the 
P”  levels  off  at  a  value  of  4.6  moles/mole  INFO-635P  rather  than 
5.7  observed  in  a  closed  system.  Apparently,  some  fluorine  is 
lost  in  a  volatile  nitrogen  or  carbon-containing  species.  This  is 
not  likely  to  be  N2P2,  s.g.^  from  NFe”^  because  N2P2  does  not 
hydrolyze  appreciably  at  room  temperature^. 

Secondly,  volatile  carbon  is  formed  much  more  rapidly  than  (P")/5.7 
and  reaches  I.5  mole/mole  INPO-635P  rather  than  1.2  previously 
observed.  This  suggests  that  some  of  the  "non-volatile  carbon"  is 
being  lost.  However,  this  is  not  likely  in  view  of  the  high 
boiling  point .( 177‘’C . )  and  solubility  of  ethanolamlne .  Rather, 
the  possibility  exists  that  ethylenlmlne  forms  and  vaporizes 
(B.P.  =  56°C.).  All  the  evidence  obtained  points  to  an  initial 
rate-determining  step  which  is  unimolecular  and  proceeds  through 
a  cyclic  intermediate. 

e.  Effect  of  Solvent  on  Decomposition  of  Free  Amine  -  The  effect 
of  using  a  ba,slc  non-aqueous  solvent,  ethanolamlne,  to  form  the 
free  amine  v/as  investigated  briefly.  A  small  solid  sample  of 
INFO-635P  was  evacuated  in  a  small  pyrex  vessel  to  which  a  Fisher- 
Porter  valve  was  attached.  The  system , connected  to  a  Wallace- 
Tlernan  gauge,  was  closed  and  pure  ethanolamlne  was  added  from  the 
side  arm.  After  a  brief  initial  pause  of  around  30  seconds,  gases 
were  rapidly  evolved  for  a  few  seconds  until  the  reaction  was  com¬ 
pleted.  The  only  appreciable  gaseous  products  were  92%  N2,  0.965^ 
.N2O,  and  3.665^  N.0P2.  This  is  very  similar  to  the  aqueous  basic 
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Fig.  5  -  Moles  of  Various  Products  per  Mole  INFO-635P  vs.  Time 
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decomposition  products,  except  that  NgPa  is  formed  rather  than  NgO 
in  about  the  same  amount.  It  is  perhaps  surprising  tnat  in  ethanol- 
amine  the  decomposition  is  so  much  more  rapid  than  in  aqueous  base. 
One  would  expect  the  high  dielectric  constant  of  water  to  favor 
an  ionic  reaction.  However,  ethanolamine  is  a  reducing  agent  which 
very  likely  complicates  the  comparison. 

J>.  Decomposition  of  the  Ammonium  Ion  of  INFO-635P 

The  decomposition  studies  on  the  free  amine  of  INPO-635P  have  not 
indicated  the  mechanism  by  which  the  tris(dlfluoroamlno)methoxy 
group  decomposition  takes  place,  except  that  the  trls(methoxide) 
ion  rapidly  decomposes,  even  at  room  temperature.  In  the  ammonium 
ion  form  of  INPO-635P>  the  ethylenlmine  would  not  form,  and  decom¬ 
position  of  the  trls  group  would  be  expected  to  occur  primarily. 

a.  Effect  of  pH  on  the  Rate  of  Decomposition  in  Acid  -  The  initial 
studies  on  the  ammonium  Ion  of  INPO-635P  were  carried  cut  to  deter¬ 
mine  if  the  decomposition  In  acidic  solutions  proceeded  by  way  of 
the  small  amount  of  amine  present  according  to  the  mechanism  al¬ 
ready  discussed,  or  if  the  ammonium  ion  has  a  unique  mode  of  de¬ 
composition. 

Solutions  of  INPO-635P  with  pH's  varying  from  1  to  3  were  prepared 
and  heated  at  constant  temperatures  for  equal  lengths  of  time. 
Typical  fluoride  analyses  as  a  function  of  pH  are  shown  in  Table  IV. 

Beginning  at  a  pH  of  1,  there  seems  to  be  little  change  in  conver¬ 
sion  until  pH  of  3^  where  it  increases  appreciably.  This  would 
indicate  that  the  fro'  amine  does  contribute  to  the  decomposition 
rate  and  that  acid  catalysis  is  small  or  negligible. 

However,  a  quantitative  analysis  cf  the  data  Indicates  that  the 
ammonium  ion  must  also  contribute  to  the  decomposition  at  these 
temperatures.  If  it  is  assumed  that  the  reaction  is  first  order 
in  free  amine  and  independent  of  ammonium  ion,  then. 
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d(ipo) 


Where  K,  = 


B  =  the  free  amine  of  INPO-635P 
BH"*"  =  the  ammonium  Ion  of  INFO-631jP 
(3?  INFO  concentration  at  low  pH) 


(10) 


log 


INP0)o  k  Ka  t 

2.363 


(11) 


k  Ka  t 

2.303 


(12) 


Table  IV 

Effect  of  Hydrogen  Ion  Concentration 
on  Conversion  of  INFO  1(533?^ 

_ _ Concentration _ 

Experiment  Hydrogen  Fluoride  Ion  ^ 


No. 

Temp.®C. 

Ion, moles 

moles  X  10® 

Conversion 

7045-83 

90 

0.10 

4.16 

7.35 

0.025 

4.99 

8.80 

0.005 

4.58 

8.07 

0.001 

12.70 

22.40 

100 

0.10 

5.95 

10.50 

0.025 

4.00 

7.06 

0.005 

6.90 

12 « cC 

0.001 

17.80 

31.40 

7045-97 

110 

0.1 

— 

35.10* 

0.025 

-- 

39-0 

0.005 

-- 

47.20 

0.001 

-- 

57.40 

*In  this  experiment  conversions  were  based  on  CO2  analysis. 
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Table  V  shows  the  values  of  calculated  at  pH  of  1  and  pH 

of  3  from  conversion  data  based  on  fluoride  concentration  and  C02 
analysis.  The  observed  fact  that  the  rate  constant  at  pH  1  Is  at 
least  30  times  greater  than  can  be  accounted  for  by  the  amine  only 
Indicates  that  the  ammonium  ion  Is  also  contributing  an  appreciable 
amount  to  the  overall  conversion,  and  the  rate  equation  should 
have  the  form: 

(13) 

(14) 

Using  equation  ( l4),  kg  has  a  value  of  approximately  lO"^  ^BH^  ( 
Appendix  A)  .  If  the  activation  energy  for  kBii+  were  considerably 
larger  than  that  of  kB,  it  could  become  the  dominant  mode  of  de¬ 
composition  at  much  higher  temperatures.  However,  these  data  are 
not  sufficiently  accurate  or  complete  to  determine  these  activation 
energies . 

b.  Stoichiometry  -  At  the  present  time  the  stoichiometric  equation 
for  complete  decomposition  of  INPO-635P  in  perchloric  acid  solution 
is  incomplete,  lacking  the  analysis  of  the  water-soluble  products. 
Quantitative  analyses  by  mass  spectroscopy  were  carried  out  on  the 
gaseous  products  from  dilute  INFO-635P  (0.01  M)  solutions  in  0.1  N 
HCIO4  at  llO^C.,  which  were  heated  a  sufficient  time  for  complete 
decomposition  to  occur.  These  results  are  shown  in  Table  VI. 
Average  values  of  each  product-  in  terms  of  moles  per  mole  of  INPO- 
635P  were  calculated  on  the  basis  of  the  last  three  experiments 
which  were  considered  the  most  reliable.  These  indicate  the 
following  partial  equation: 

(NF2)3C0CH2CH2Nfe‘''  5-8  P“  +  1.1  Na  +  0.5  N2O  +  0.8  NH3  (15) 

+  0.7  CO2  +  . . . 
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Mass  balances  for  nitrogen,  carbon,  and  fluorine  are  shovm  in 
Table  VII. 


Table  VII 


Mass  Balance  for  Nitrogen,  Fluorine, 
and  ^lethoxy  Ciarbon  from  INF0-b^5P 


Decomposition  in  Acid 

Element 

INFO -635 P 

Products 

Difference 

N 

4 

4.02 

+0.02 

F 

6 

5.78 

-0.22 

C 

1  [-0C(NF2)3] 

0.67 

-0.55 

In  some  respects  equation  ( 15)  is  similar  to  that  obtained  in 
base.  Slightly  more  than  2/t>  of  the  nitrogen  content  from  the 
tris  group  forms  nitrogen  gas;  however,  1/2  mole  of  NaO  is  formed 
rather  than  NOa"  as  in  basic  solutions.  The  COa  formed  is  close 
to  one  mole  per  mole  INPO-655P  and  probably  comes  from  the  trls- 
methoxy  carbon  in  the  INFO  molecule.  The  fact  that  it  is  50^  less 
than  1  mole  suggests  that  some  of  the  methoxy  carbon  is  still  in 
solution  in  some  other  form*.  The  presence  of  nearly  one  mole  of 
ammonia  is  unexpected.  Since  the  reduction  of  a  -NPa  group  to 
ammonia  is  hardly  expected  in  these  solutions,  this  ammonia  must 
come  from  the  amino  group  originally  present  and,  if  so,  oxidized 
products  from  ethanolamlne  would  be  expected  from  the  ethylamine 
group  in  INF0'-635P. 

c.  Kinetics  -  The  kinetics  of  decomposition  were  studied  by  meas¬ 
uring  gas  pressure  and  composition  as  a  function  of  time  and  tem¬ 
perature.  This  was  accomplished  by  heating  samples  of  solution  in 
four  Teflon-lined  stainless  steel  reactors  equipped  with  stainless 
steel  valves.  After  a  specific  period  of  time  the  reactors  were 
quickly  cooled  and  the  gases  collected  in  a  monel  vacuum  system. 


♦This  point  is  discussed  further  in  the  following  Section,  c. 
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Experiments  were  carried  out  on  concentrated  (0.3-1-0  M)  and  dilute 
(O.Ol  M)  solutions  of  INFO-635Pi  which  were  0.1  N  in  perchloric 
acid . 

The  results  on  the  decomposition  of  dilute  INPO-635P  at  QO^C., 
lOO^C.,  and  110°C.  are  shown  in  Figures  6  and  7  in  terms  of  moles 
of  product  per  mole  of  INFO-635P.  It  is  immediately  apparent  that 
there  is  a  considerable  amount  of  scatter  in  the  data,  and,  in  gen¬ 
eral,  it  was  extremely  difficult  to  obtain  reproducible  results 
from  these  studies.  Increasing  the  temperature  from  room  temperature 
to  llO^C.  multiplies  the  problems  of  obtaining  gas  samples  free  from 
impurities  and  of  avoiding  contamination  of  the  solutions  due  to 
contact  with  the  vessel.  Furthermore,  many  side  reactions  and  re¬ 
actions  between  products  readily  occur  in  the  acid  solution  or  in 
the  gas  phase  above  it. 

Although  these  problems  limit  the  quantitative  interpretation  of 
the  delta,  several  qualitative  conclusions  can  be  obtained.  First, 
there  is  no  apparent  induction  period.  All  the  major  products 
except  NO  are  evolved  at  a  constantly  decreasing  rate  with  time 
and  the  reaction  is  not  autocatalytlc . 

Secondly,  the  major  products,  Na  and  COg,  at  100°C.  and  110®C.,  are 
evolved  at  equal  rates  for  around  two-thirds  of  the  reaction,  after 
which  the  COs  levels  off  at  around  60-70  mole  %.  At  90°C.  the  CO2 
is  always  about  one-half  the  Na  produced.  In  Figure  8  are  plotted 
total  nitrogen  and  carbon  dioxide  in  the  gas  phase  as  a  function  of 
time  and  the  same  relationship  is  obtained.  A  real  possibility 
exists  that  the  solutions  are  supersaturated  with  COo  and  the  ques¬ 
tions  are  whether  this  could  amount  to  the  50^  discrepancy  in  COj 
analysis,  and  whether  the  analysis  should  disagree  with  that  for 
Na  over  only  part  of  the  range  and  not  as,  at  90'*C.,  over  all  the 
range.  The  data  at  90°C.  particularly  favor  the  explanation  that 
some  intermediates  or  products  containing  the  methoxy  carbon  are 
still  present  in  solution. 
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Pig  6  -  Gaseous  Products  Formed  from  the  Decomposition 
of  0.01  M  11^^0-635?  in  0.1  M  Perchloric  Acid  at  llO^C. 
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Fig.  7  -  Gaseous  Products  Formed  from  Decomposition  of  0.01 
INFO-655P  in  0.1  M  Perchloric  Acid  at  100°C.  and  90°C. 


Pig,  8  -  Total  Nitrogen  and  Carbon  In  the  Gaseous 
Products  from  the  Decomposition  of  0.01  M 
.INPO-655P  In  0.1  N  Perchloric  Acid 
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The  third  conclusion  Is  that  the  amount  of  NO  produced  Is  erratic 
and  varies  from  0-30J^.  It  Is  not  a  final  product  and  does  not 
always  yield  a  smooth  curve  containing  a  maximum,  although  occa¬ 
sionally  Its  concentration  did  reach  high  values  between  2  to  7 
hours.  Oxygen  was  also  obtained  In  many  samples  In  varying  amounts. 
This  could  not  always  be  attributed  to  an  air  leak,  because  there 
was  Insufficient  N2  In  the  samples,  r.e  reactor  could  also  hold 
gases  at  low  pressures  for  several  hours  with  no  pressure  Increase. 
Therefcr.^,  It  Is  believed  that  In  some  cases  oxygen  Is  formed  as 
a  product  and  It  would  react  with  the  NO  to  form  nitric  acid. 

In  Figure  9  and  Table  VIII  are  shown  the  results  of  the  decom¬ 
position  In  concentrated  solutions  of  INPO-635P  ( approximate Ij'- 
10^  by  weight)  at  lOO^C.  and  are  slightly  different  than  the  re¬ 
sults  of  the  dilute  solutions.  Carbon  dioxide  Is  by  far  the  major 
product  with  approximately  half  as  much  Ng.  Tetraf luorohydrazlne 
Is  almost  certainly  formed  from  ‘NFa  free  radicals,  indicating  that 
the  decomposition  occurs  at  least  partially  by  way  of  a  free  radical 
mechanism.  In  the  dilute  acidic  solutions  it  probably  hydrolyzes 
rapidly  before  It  can  be  detected.  Dlf luoroamine  is  also  formed 
In  small  amounts  and  probably  is  formed  from  NF2“  in  an  ionic 
mechanism.  The  curve  for  NC  Is  smoother  than  from  dilute  solution 
and  appears  to  be  dropping  off  relative  to  the  other  components. 

No  Oo  was  observed  In  any  of  these  samples;  therefore,  there  must 
be  some  other  route  to  the  disappearance  of  NO. 

d.  Solution  Analysis  -  Gas  analysis  at  best  can  give  only  a  limited 
amount  of  Information  on  the  rate  determining  step  in  the  decom¬ 
position  of  the  ammonium  ion  of  INFO-635P,  simply  bee  ‘.use  the  real 
Intermediates  probably  exist  only  In  solution  and  the  gases  ob¬ 
served  may  be  a  result  of  many  previous  steps.  Attempts  were  made 
to  determine  soluble  intermediates  and  products.  Generally,  this 
Is  best  performed  by  an  ^  situ  measurement  such  as  Infrared  or 
N.M.R.  However,  vapor  phase  chromatography  was  also  carried  out 
with  some  Interesting  results. 
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(1)  Vapor  Phase  Chromatography  -  In  order  to  obtain  a  chromato¬ 
graph  of  the  products,  it  was  necessary  to  make  the  solution  basic 
and  quickly  chromatograph  it  on  a  basic  column.  Since  decomposi¬ 
tion  of  the  amine  of  INFO-635P  occurs  rapidly  at  70®C.,  the  ex¬ 
periment  consisted  of  a  comparison  of  the  chromatograph  of  a  solu¬ 
tion  of  pure  INFO-635P  and  one  which  had  been  heated  for  several 
hours  in  acid  and  then  chromatographed. 

The  results  are  shown  In  Figures  10  and  11.  The  chromatographs  of 
both  heated  and  unheated  INFO-655P  solution  give  at  least  7  peaks 
which  differ  appreciably  in  relative  magnitudes.  The  peak  at  E 
Is  ethylenimine  (by  comparison  with  the  retention  times  for  a 
known  eth*  ^  inlmlne  sample)  and  it  is  closely  followed  by  peak  F 
which  is  .'finitely  a  product  of  the  acidic  decomposition.  At 
present  the  Identity  of  this  peak  is  unknown,  except  that  it  pro¬ 
bably  has  a  boiling  point  and  polarity  roughly  similar  to  ethylen¬ 
imine.  In  addition,  there  are  some  lower  boiling  compounds  which 
Include  ammonia  and  perhaps  ethanol.  Ethanolamine  would  not  appear 
on  the  chromatograph  under  these  conditions.  It  was  originally 
hoped  that  mass  spectra  could  be  obtained  on  each  of  these  peaks 
using  a  Bendix  tlme-of-fllght  spectrometer,  but  for  some  reason 
spectra  were  not  obtainable. 

(2)  Nuclear  Magnetic  Resonance  -  The  fluorine  N.M.R.  was 

carried  out  on  concentrated  INPO-635P  solution  decomposed  in  acid. 

\ 

Nine  values  of  0  relative  to  CFCI3  are  shown  in  Table  IX.  Peaks 
A  and  B  at  -24  0  and  20.0  0  correspond  to  Ii'IF0-635P  and  the  adduct 
of  ethanolammonium  perchlorate,  resnectively .  Peaks  D  and  E  v/ere 
also  occasionally  observed  as  Impurities  in  the  decomposed  INFO-655P 
samples.  The  interesting  peaks  representing  products  or  inter¬ 
mediates  have  0  values  of  3.9 ,  128,  l44,  l48  and  133.  Of  these 
peaks, Q  was  only  obtained  once  and  Is  probably  not  significant. 

Figure  12  shows  the  results  of  one  experiment  In  which  two  samples 
were  heated  4  and  6  hours,  respectively,  at  110®C.  The  samples 
were  completely  enclosed  In  Teflon,  except  for  a  small  Viton  rubber 
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Fig.  11  -  Gas  Chromatography  of  INFO-655P  Solution  After 
Heating  at  111®C.  In  0.1  N  Perchloric  Acid. 

(The  Peak  at  E  Is  Ethylenlmlne). 
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gasket.  The  liquid  samples  were  frozen  at  -78“C.  Immediately 
after  being  heated.  The  major  peak  at  155  0  was  almost  comparable 
in  height  to  the  original  INPO-655P  and  was  only  moderately  stable. 
In  previous  experiments  In  which  the  samples  were  not  stored  on 
dry  ice,  this  large  peak  never  appeared,  and,  Indeed,  In  this  case 
upon  standing  In  the  NMR  tube.  It  disappeared.  In  addition  to 
this  peak  there  existed  a  small  peak  at  5.85  0  which  disappeared 
slowly  from  4  to  6  hours,  one  at  l48  0  which  Increased  with  time, 
and  one  at  128  0  which  also  appeared  to  Increase. 


Both  samples  at  4  and  6  hours  were  allowed  to  stand  briefly  at  room 
temperature  and  the  NMR  repeated  as  shown  In  Figure  12.  Under 
these  conditions,  the  peak  I  at  155  0  completely  disappeared  and 
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No.  790 


UNOECOMPOSED  INF0-r639P 


-24 


50 


100 


ISO 


No.  79 1 


-24 

No.  792 

_ L_ 


INFO-635  P  AFTER  HEATING  4  HRS.  AT  IIO*C. 


1 


128  149  I  155 


INFO-635  P  AFTER  HEATING  6  HRS.  AT  IIO*C. 


128 


195 


No.  791  AFTER  STANDING  AT  ROOM  TEMPERATURE 

IN  NMR  TUBE 


-24  6  128  149 

No.  792  AFTER  STANDING  AT  ROOM  TEMPERATURE 

IN  NMR  TUBE 

I  _ ^ _ I _ L 

-24  6  128  149 


Fig.  12  -  NMR  Spectra  of  0.5  M  INFO-655P  Solutions  Immediately 
After  Heating  at  llO^C.  and  After  Standing  Briefly 
at  Room  Temperature  In  an  NMR  Tube 
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both  P  and  H  have  considerably  increased,  whereas  Cwas  the  same  or 
less.  Therefore  P  and  H  are  products  of  155  0  and  C  is  not.  Pur- 
thermore,  C  and  H  or  I  are  not  derived  from  the  same  molecule. 


The  important  question  is  the  identification  of  these  compounds  or 
the  kind  of  fluorines  which  give  resonance  at  these  values.  This 
identification  is  difficult  because  these  are  probably  new  com¬ 
pounds  with  no  recorded  NMR  spectra,  so  tentative  assignments 
only  can  be  made  by  comparison  with  similar  known  compounds.  The 
peak  at  128  0  is  almost  certainly  fluoride  ion,  because  a  known  KP 
solution  gave  a  large  peaiC  at  122  0.  There  are  very  few  compounds 
which  resonate  around  +6  0  and  give  a  broad  peak  (30  cps  wide)  with 

no  fine  structure.  The  possibilities  seem  to  be  -C - N-  or  -C-F. 

^  /  n 

N  0 

I 

P 

P 

I 

For  example,  in  compound  E,  P2N-CP2-N - C-Np2^  the  group  absorbs 

N 

I 

P 

0 

II 

at  +11.2  0  and  in  CF3-N - CPNPa  at  48.3  In  F2NCP2NFC-P,  the 

I 

P 

C-F  is  assigned  to  48.5  0^^ •  Although  the  fluorine  resonance  in 


A*. 

^C=NF  can  vary  tremendously  depending  on  the  nature  of  A  and  B, 

b"” 

in  the  compound  CHaOC^NP,  this  fluorine  absorbs  at  4-45.3  0^° ,  so 

NP2 

very  likely  the  peak  of  +6  0  does  not  correspond  to  this  configu¬ 
ration. 


The  peak  of  l49  0  has  the  rather  strange  fine  structure  shown  in 
Figure  13  consisting  of  four  close  peaks  of  equal  height,  and 
spacing  on  the  right  side  of  a  broad  doublet.  This  structure  was 
determined  at  both  56  and  95  megacycles  and  gave  splittings  of 
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1.3  cps  between  the  quadruplet  peaks  and  5  cps  between  the  doublets. 
These  small  J  values  would  indicate  that  whatever  nuclei  are  re¬ 
sponsible  for  splitting  the  fluorine  are  relatively  far  removed 
in  the  molecule.  The  fine  structure  of  the  peak  at  I55  0  has  not 
been  determined.  Compounds  containing  certain  C-P  groups  absorb 
in  the  I50  0  region,  namely.  Compound  E  at  150.4  Compound  G, 

FaN  N-F 

'^C^l  ,  at  159*2  0,  CF3-N - CP-NPa  at  +  154.2  0,  and  many  com- 

F  N-F  N 

I 

P 

plex  ions  containing  fluorine.  In  general,  to  absorb  in  this  region 
the  fluorine  must  be  fairly  well  shielded  by  a  partial  minus  charge 
or  donation  of  electron  into  its  p  orbitals.  In  the  examples  cited, 
however,  the  couplings  are  much  larger  than  those  observed  here  and 
these  cannot  be  applied  directly  to  our  spectra. 

4.  Decomposition  Studies  on  Solid  INPO-635P 

The  thermal  decomposition  of  solid  INPO-635  has  been  studied  briefly 
in  a  single  experiment  carried  out  at  150“C.  in  Vycor  in  order  to 
determine  whether  the  products  were  similar  to  those  obtained  from 
aqueous  decomposition.  The  results  of  pressure  measurement  and 
analysis  of  the  gases  are  shown  in  Figure  l4  and  Table  X. 

Table  X 


Analysis 

Of  Products 

river  Solid 

INPO-635P  at  154 

Sample 

Moles  Product/ 
Mole  INFO-635P 

Product 

NoTT 

No.  2 

from  No .  2 

CO 

3.74 

6.69 

0.253 

NO 

3-53 

4.04 

0.155 

Na 

27.20 

21.0 

C.805 

N2O 

11.30 

12.40 

0.476 

CO2 

29.60 

28.60 

1. 10 

SIP4 

22.30 

23.30 

0.895 

N2P4 

0.76 

1.06 

0.04l 
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The  pressure-time  curve  is  a  typical  sigmoid.  However,  it  should 
be  noted  that  uhe  pressure  Increased  abruptly  after  withdrawal  of 
the  first  sample  and  least  rapidly  after  withdrawal  -f  the  second 
sample.  The  amounts  of  N2  and  CO2  are  surprisingly  similar  to 
those  found  in  both  acidic  and  basic  solution  decompos l.tions, 
namely  about  one  mole  per  mole  of  INPO-o;55P.  The  amount  of  NeO 
formed  is  equal  to  that  obtained  from  decomposition  of  the  ammonium 
ion  of  INPO-635P  in  solution.  Nitric  oxide,  NO,  is  also  an  im¬ 
portant  product  in  solid  as  well  as  in  the  acidic  solutions,  al¬ 
though  in  acid  solutions  it  apparently  reacts  further  and  does  not 
appear  in  the  final  products.  Some  of  the  fluorine  must  have  re¬ 
mained  in  the  residue  or  on  the  Vycor.  The  residue  was  brown  and 
soluble  only  in  polar  solvents  such  as  water  and  acetone.  The 
similarity  of  product  distribution,  particularly  of  the  nitrogen, 
points  to  a  similarity  between  solid  and  aqueous  decomposition  of 

INPO-635P. 

Considering  the  rapid  rate  oi  decomposition  of  the  free  amine  of 
IN5'0-635P,  it  must  be  concluded  that  the  formation  of  the  free 
amine  must  be  inhibited  if  INP0-635P  is  to  be  stabilized.  This 
has  been  demonstrated  by  several  solid  state  experiments.  When 
a  sample  of  INPO-C35P  was  evacuated  and  n  exposed  to  ammonia 
vapor,  the  sample  exploded  almost  immediately. 

Ammonia  removes  a  proton  from  INPO-635P,  causing  increased  sen¬ 
sitivity.  In  the  next  experiment,  the  effect  of  acid  was  tested 
b?/-  dissolving  INFO-635^  in  nitromethane,  adding  acid,  evaporating 
most  of  the  nitromethane,  and  co-precipitauing  with  chloroform. 
Water,  HCl,  and  HCIO4  had  little  effect  on  the  sensitivity  of  pure 
INFO-635P;  in  fact,  HCl,  HCIO4  and  H20  appeared  to  increase  it 
slightly  (590  g.  cm.  compared  to  7^0  g.  cm.  for  pure  INFO-633P) . 
Howover,  sulfuric  acid  decreased  the  sensitivity  fi'om  around  7^0  g. 
cm.  to  1300  g.  cmi.  There  is  a  positive  correlation  between  vol- 
atiilt;-  of  the  acid  and  the  sensitivity,  HCx  being  the  least 
effective  and  H2S04  the  m.ost  effective  in  desensitizing  INPO-635P. 
The  results,  particularly  with  ammonia,  confirm  the  prediction 
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that  the  free  amine  of  INFO-655P  contributes  to  the  sensitivity; 
however,  since  the  fact  that  acidi  have  so  little  effect  indicates 
that  the  trls  group  on  the  ammonium  ion  is  in  Itself  capable  of 
rapid  decomposition. 

5.  The  Mechanism  of  Decomposition  of  the  triB(Dlfluoroamlno) - 
methoxy  Group 

The  decomposition  of  INPO-655P  has  been  studied  under  widely  dif¬ 
ferent  conditions  ranging  from  aqueous  and  non-aqueous  base  and 
aqueous  acid  to  the  pure  solid  state.  Although  there  are  differences 
in  rates  and  products,  several  unifying  factors  emerge  which  suggest 
that  the  mechanisms  may  be  similar.  Of  these,  the  most  Important 
are  that  the  m.ethoxy  carbon  appears  as  CO2  in  the  products  and  two 
of  the  three  nitrogens  in  the  trls(dlf luoroamino) methoxy  group 
appear  as  nitrogen  in  the  products. 

In  the  trls  group  there  are  no  N-N  bonds;  therefore,  the  formation 
of  nitrogen  could  conceivably  occur  in  two  ways.  First,  primary 
decomposition  ions  or  radicals  such  as  NF2"  or  •NF2  could  eventually 
combine  to  form  an  N-N  bond  and  be  reduced  to  N2  gas.  Secondly, 
an  N-N  bond  could  form  in  an  intramolecular  reaction  before  the  C-N 
bonds  are  broken. 

Considering  first  the  intramolecular  hypothesis,  if  NF2"  were  formed 
by  heterolytlc  cleavage,  it  has  been  showri*  to  decompose  to  N2F2  and 
F"  .  The  N2F2  is  very  stable  under  the  conditions  of  these  experi¬ 
ments'^,  and  it  would  have  been  observed  in  appreciable  amounts 
rather  than  N2.  If  •NF2  vrere  formed  by  homolytlc  cleavage,  it  would 
iOriii  N2?4  which  hydrolyzes  rather  rapidly  at  100“C.  to  NO  and  HF 
or  F"  with  smaller  amounts  of  N2.  Solid  AICI3,  however,  reduces"^ 

N2F4  to  N2  and  CI2;  therefore,  if  mild  reducing  agents  are  present 
it  can  form  N2  •  This  reduction  does  not  seem  likely  in  the  pre¬ 
sent  work  in  rather  dilute  solutions  and  particularly  not  in  basic 
solutions. 
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The  second  hypothesis,  the  intramolecular  decomposition  mechanism, 
is  believed  to  adequately  explain  the  formation  of  one  mole  of  Ng* 

The  general  type  of  mechanism  appears  to  be  the  loss  of  one  of  the 
nitrogens  initially,  followed  by  formation  of  an  N-N  bond  between 
the  remaining  two  nitrogens.  In  acid  solutions  the  first  reaction 
is  C-N  bond  rupture: 

NPa 

+H3NCH2CH20C(NP2)  3  +H3NCH2CH2OC  •  +  •NP2  (16) 

NP2 

I 

This  much  is  fairly  certain,  since  N2P4  is  formed  in  such  large 
quantities  in  concentrated  solutions  as  shown  in  Plgure  12,  and 
the  only  reasonable  source  of  N2P4  is  from  •NP2  radicals.  In 
dilute  solutions,  N2P4  appears  only  in  minute  quantities,  if  at 
all,  because  •NP2  radicals  are  probably  hydrolyzed  before  they 
can  combine  according  to  the  reaction: 

•NPs  +  H2O  ^  -NO  +  2:  HP  (17) 

The  resulting  radic/l^I  in  equation  { 16)  is  similar  to  the  tris 
free  radical  observed  in  Delta  decomposition. 

/  >i 

Figure  15  is  a  diagram  of  a  possible  mechanism  which  could^x^ain 
some  of  the  products  formed,  particularly  N2.  Radical  I  rf arranges 
by  means  of  a  fluorine  shift  into  the  more  stable  radical  II.  This 
radical  undergots  reduction  by  water  to  a  C-NHP  group  which  termi¬ 
nates  the  free  radical  mechanism.  Then,  by  analogy  with  the  known 
rearrangement  of  PPG  and  PPP  in  RbP  solution^®,  this  species 
cycllzes  to  the  dif luorodiazlridine  ring  compound.  In  acid  solution 
the  ring  opens  via  protonation  of  the  nitrogen,  HP  is  eliminated, 
and  the  dlazonium  fluoride  rapidly  decomposes  to  CO2,  N2  and  HP. 

The  acid  hydrolysis  of  a  diaziridlne  ring  containing  only  hydrogens 
is  known  to  yield  hydrazine  and  ketones  or  aldehydes^^. 

The  formation  of  the  considerable  amount  of  N2O  must  than  be  derived 
from  reduction  of  N2p4,  •NP2  or  'NO.  The  •NP2  originally  formed 

% 
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0  P  H  OH 


RO-C-N=NP  (+  HP)  — S->  RO-C  +  N2  +  HP 


t  OH 

y 

ROH  +  CO2 


Pig.  15  -  Proposed  Mechanism  for  Decomposition 
of  the  Ammonium  Ion  of  INPO-655P 
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probably  combines  rapidly  with  'OH  according  to  the  equations: 

•NPa  +  ‘OH  -►  HONP2  -►HP  +  FN=0  ( I8) 

FN=0  +  HaO  -►  HP  +  HNOa  ( 19) 

3  HNOa  -►  H+  +  NOa"  +  HgO  +  2  NO  (20) 

The  data  suggest  that  NO  is  formed  as  an  intermediate  which  dis¬ 
appears  with  time,  and  the  presence  of  ammonia  Indicates  that  the 
ethanolamlne  group  is  being  attacked.  It  has  long  been  known  that 
ethanolamlne  is  a  mild  reducing  agent.  For  example,  acetone  is 
reduced  to  isopropyl  alcohol  by  monoethanolamine  according  to  the 
reaction^”*^  : 

0  OH  0 

CHaC-CHa  +  HOCHaCHaNHa  ->►  CHaC-CHa  +  NHa  +  CH3C  (21) 

H  H 

Then  N2P4  or  NO  may  be  sufficiently  potent  oxidizers  to  promote 
the  following  reaction: 


0  0 

NO  +  HOCHaCHaNHa  -►  0.5  NaO  +  1.0  NH3  +O.5  CH3C  ■’•0.5  CH3C  (22) 

>  I 

H  OH 

The  test  for  this  reaction  would  consist  of  analysis  for  ethanol 
and  acetic  acid.  The  formation  of  NaO  is  difficult  to  explain  by 
any  other  path.  The  literature  contains  no  indication  of  hydro lysl 
of  NO  to  NaO  and  NO3".  A  possibility  might  be  the  reaction: 

P  F  P  F 

I  .  It  I 

ROC-NP  -f  NO  ^  R0C-I^^=0  ^  ROC-P  NaO  ( 23) 

I  I  I 

NF  a  NF  a  NP  a 

However,  this  would  be  expected  to  lead  to  considerable  amounts  of 
products  such  as  NaF4  or  PaCO,  which  are  not  observed,  and  would 
reduce  the  amount  of  Na  formed. 
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These  reactions,  proposed  only  as  possible  steps  in  the  decom¬ 
position,  explain  some  but  not  all  of  the  observed  data,  and  no 
doubt  other  possibilities  exist.  It  is  difficult  to  relate  the 
N.M.R.  absorptions  at  l48  0  and  155  0  to  any  of  the  intermediates 
in  the  mechanism  because  these  are  expected  to  be  short-lived  and 
would  require  other  absorptions  which  are  not  observed.  However, 
this  mechanism  is  valuable,  giving  direction  to  further  research. 

As  the  chemical  and  N.M.R,  analyses  become  more  nearly  complete, 
the  mechanism  may  be  altered. 

Although  it  would  be  possible  to  write  a  mechanism  for  the  decom¬ 
position  of  the  (NF2)3C0"  group,  in  basic  solution,  there  is  not 
enough  data  to  warrant  it.  It  may  bear  some  similarity  to  the 
decomposition  of  the  ammonium  form’  of  INFO-635PJ  &nd,  if  product 
distribution  is  any  indication  of  mechanism,  the  solid  phase  decom¬ 
position  is  similar  to  that  for  the  acidic  solutions  of  INPO-635P. 
However,  in  the  solid  phase,  water  could  not  enter  the  mechanism 
as  has  been  proposed  for  acidic  solution  decompositions  of  INPO- 
635P.  Possibly,  the  ammonium  ion  hydrogens  of  INFO-635P  could 
enter  the  reaction  instead  of  water. 

B.  EXPERIMENTAL  METHODS 

1.  Procedures  for  Studying  the  Free  Amine 

a.  Product  Analyses  -  In  these  experiments  the  carbon  analyses 
were  carried  out  by  completely  oxidizing  the  total  carbon  content 
to  COa  &.nd  analyzing  by  m^ns  ,of  an  infrared  analyzer^"^.  The  non¬ 
volatile  carbon  was  obtained  by  the  same  me'i  .iod,  preceded  by 
acidifying  the  solution  |pd  j^lowlng  out  the  COa  at  room  temperature. 
The  volatile  carbon,  CO^  was  obtained  as  the  difference  between 
the  total  and  non?^ volatile  carbon.  The  fluoride  analysis  was  done 
spectrophotometrlcally  with  the  alizarin  complex^®.  The  nitrite 
analysis  was  also  done  spectrophotometrlcally  with  the  use  of 
sulfanllic  acld^®. 
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The  decomposition  in  vacuum  and  collection  of  gaseous  products 
for  mass  spectral  analysis  were  carried  out  in  the  reactor  shown 
in  Figure  l6.  This  flask  was  initially  evacuated  and  either 
helium  or  nitrogen  was  bubbled  through  the  burets  containing  basic 
and  INFO-635P  solutions.  The  system  was  then  closed  and  either 
base  or  INFO-635P  solution  was  added  and  zero  pressure  recorded. 

The  second  solution  was  added  and  the  pressure  was  followed  with 
time  on  a  Wallace-Tieman  gauge.  After  about  16  hours,  the  gas 
was  collected  and  analyzed.  In  the  kinetic  experiments  in  which 
pressure  was  recorded  versus  time,  nitrogen  gas  was  used  to  flush 
air  from  the  solutions  and  to  saturate  the  solutions  with  nitrogen. 
Thus,  there  is  no  induction  period  during  which  the  solution  be¬ 
comes  saturated.  In  most  of  the  experiments,  the  bulb  temperature 
was  held  at  23°C.  in  a  constant  temperature  bath. 

b.  pH  Measurements  -  The  pH  of  samples  versus  time  was  determined 
with  a  Leeds  and  Northrup  pH  meter.  Model  7^01.  The  output  was 
recorded  directly  on  a  Brown  recorder.  The  kinetic  experiments 
were  run  by  adding  0.1  N  base  from  a  buret  to  a  stirred  solution 

of  INFO-635P  until  the  desired  pH  was  attained.  This  took  approxi¬ 
mately  a  half  minute.  Then,  beaker  and  electrode  assembly  were 
enclosed  under  a  bell  Jar  and  this  was  flushed  continually  with 
carbon  dioxide-free  air. 

c.  Open  System  Experiments  -  One  of  the  experiments  recorded  in 
Figure  8  was  run  in  a  beaker  with  a  Teflon  stirring  bar.  This 
was  enclosed  in  the  bell  Jar  flushed  with  air.  The  second  re¬ 
action  occurred  in  a  three-neck  flask.  Nitrogen,  previously 
saturated  with  water,  bubbled  through  the  solution.  In  both  ex¬ 
periments  samples  were  v/ithdrawn  periodically  by  pipette,  acidified 
to  pH  ~3  and  stored  in  closed  polyethylene  bottles.  One  of  the  two 
samples  was  flushed  with  nitrogen  to  eliminate  COa  and  was  analyzed 
for  carbon.  The  other  was  analyzed  for  fluoride  ion. 
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2.  Procedure  for  Studying  the  Ammonium  Ion 


a.  Reactor  -  The  reactor  used  in  these  experiments  is  shown  in 
Figure  I?-  It  consists  of  a  steel  cylinder  equipped  with  a  cap 
and  stainless  steel  valve.  The  sample  was  contained  in  a  machined 
Teflon  IJner  which  was  sealed  to  the  stainless  steel  flask  with  a 
Vlton  gasket.  Originally,  a  Teflon  seal  was  planned,  hut  this 
leaked  consistently  with  heating  and  cooling.  Even  the  small  ex¬ 
posure  to  stainless  steel  resulted  in  some  dissolution  of  iron, 
nickel,  chromium,  and  manganese.  The  reactor  was  evacuated  at 
room  temperature  to  the  vapor  pressure  of  water  and  then  immersed 
in  a  constant  temperature  oil  hath  up  to  the  middle  of  the  cap. 

At  the  desired  time  it  was  quenched  in  cool  water,  attached  to  a 
small-volume  monel  vacuum  line,  and  held  at  room  temperature  in  a 
water  hath.  The  gases  were  expanded  into  the  Wallace-Tlernan  gauge 
and  collected  in  a  glass  mass  spectrometer  tube.  The  measured 
pressure  would  remain  constant  for  at  least  one  hour. 

Tlie  analysis  of  the  solution  for  P~  was  carried  out  in  most  cases 
hy  a  titration  method^®  rather  than  spectrophotometrlcally,  because 
there  was  less  chance  of  interference  by  the  cation  impurities. 

b .  Vapor  Chromatography  -  Vapor  chromatographic  analysis  for 
ethylenlmlne  in  concentrations  down  to  0.06^  was  obtained  on  a 
6.5  foot  stainless  steel  column  packed  with  8.5^  Carbowaz  20M, 

8.5^  KOH  on  Chromasorb  P,  60-80  mesh.  The  same  results  were  ob¬ 
tained  if  the  sample  was  Injected  directly  unto  the  basic  packing 
or  if  it  was  made  basic  and  quickly  chromatographed.  The  results 
shown  in  Figures  IJ  and  l4  were  obtained  in  an  Aerograph  Hy-Fl  a600B, 
F.I.D.,  Instrument  with  a  column  temperature  of  and  1  Ml' 

sample,  using  a  flame  ionization  detector. 

c.  N.M.R.  Analysis  -  For  N.M.R.  analysis,  the  concentrated  solu¬ 
tions  were  stored  in  polyethylene  bottles  for  periods  of  time 
ranging  from  overnight  to  several  days  at  room  temperature,  except 
in  the  last  experiment  when  they  were  stored  in  dry  ice.  Just  be¬ 
fore  a  measurement,  they  were  introduced  into  thin-walled  glass 
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Pig.  17  -  Schematic  of  Apparatus  for  Decomposition  Studies 

in  a  Static  System 
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N.M.R.  tubes.  All  of  the  samples  were  run  on  a  Me.  instru¬ 

ment,  except  for  the  last  few  which  were  run  at  56.5  Me. 

3.  Procedure  for  Solid  State  Decomposition 

Pressure  versus  time  measurements  were  carried  out  on  83.^  mg.  of 
solid  INPO-635P  in  a  Vycor  tube  connected  to  the  Wallace-Tieman 
gauge  and  the  vacuum  system.  The  sample  was  first  dissolved  in 
methanol  and  later  deposited  evenly  on  the  Vycor  as  the  methanol 
was  pumped  off.  Sample  No.  1  was  taken  at  28  hours  and  then  the 
INPO-635P  tube  was  cooled  overnight.  After  heating  was  resumed, 
the  decomposition  proceeded  much  more  rapidly.  Sample  No.  2  was 
taken  at  3^  hours,  and  thereafter  the  decomposition  increased  only 
slightly. 

The  sensitivity  of  solid  INFO-635P  was  determined  by  placing  it 
between  a  small  anvil  and  a  1/4  in.  diameter  cylindrical  hammer. 

A  37  g.  weight  was  dropped  onto  this  hammer  from  various  measured 
heights. 

C.  SUMMARY  AND  CONCLUSIONS 

The  slow  thermal  decomposition  of  INPO-635P  has  been  studied  in 
aqueous  base  and  acid  and  briefly  in  the  solid  state.  The  free 
amine  of  INPO-635P  decomposes  rapidly  at  room  temperature  by  forming 
a  three-membered  intermediate  involving  the  amino  group.  Ultimately 
ethylenimine  is  formed  in  this  initial  step.  The  mechanism  of  the 
trls  group  decomposition  in  acidic  solution  is  extremely  complicated; 
however,  a  mechanism  has  been  proposed  to  account  for  its  decem- 
pcGitlon.  There  is  no  doubt  that  -NPa  radicals  are  produced  and 
it  is  believed  this  is  the  initial  step  which  is  followed  by 
cyclization  of  the  remaining  two  -NP2  groups. 

Particularly  in  acid  solution  the  wu'^k  is  far  from  complete.  The 
solution  to  this  problem  lies  in  the  analysis  of  the  aqueous  solu¬ 
tions  for  the  oxidation  products  of  the  ethylamlne  group  and  the 
interpretation  of  the  NMR  spectra.  The  reducing  action  of 
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ethanolamlne  could  prove  very  important  in  the  solid  state  as  well 
as  in  solutions.  The  gaseous  product  distribution  from  solid  de- 
composl  on  closely  resembles  that  from  acidic  decomposition,  which 
indicate.^  a  similar  mechanism. 

If  the  initial  step  is  the  homolytlc  C-N  bond  rupture,  this  could 
make  desensitization  virtually  Impossible  by  an  external  additive. 
Stabilizat  on  can  then  be  brought  about  only  by  introducing  an¬ 
other  group  into  the  molecule  Itself  to  stabilize  the  C-N  bond  and 
prevent  or  retard  its  homolytlc  rupture.  However,  the  presence 
of  even  small  amounts  of  free  amine  of  INFO-635P  in  the  solid  state 
may  be  the  source  of  Initiation  of  a  detonation,  even  though  it 
may  not  actively  participate  further  in  the  propagation  and  deton¬ 
ation  steps.  This  was  definitely  indicated  by  the  explosions  which 
occurred  upon  exposure  to  ammonia.  The  experiments  in  which  acids 
were  added  to  the  solid  were  crude  and  Inconclusive.  A  real 
possibility  still  exists  and  ought  to  be  pursued;  if  the  free  amine 
form  was  effectively  suppressed,  e.g.,  by  forming  the  quaternary 
ammonium  salt,  sensitivity  might  be  greatly  reduced. 
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III.  DECOMPOSITION  STUDIES  OP  GASEOUS  DELTA 


The  second  high-energy  NF  compound  studied  under  this  program  was 
tetrakis(difluoroamino)methane,  (NFa)4C,  commonly  called  Delta. 

A.  DISCUSSION  AND  RESULTS 


1 .  Method  of  Study 

The  initial  attempts  were  to  determine  the  stoichiometry  of  the 
complete  decomposition,  the  Intermediate  products  of  decomposition, 
some  idea  as  to  the  rate  of  decomposition,  and  possible  mechanisms. 

The  gas  phase  decomposition  of  Delta  was  studied,  by  the  method  of 
sampling  which  Involves  the  withdrawal  of  small  samples  from  the 
reaction  chamber,  a  rapid  quench,  and  analysis. 

The  early  kinetic  data  on  Delta  suggested  that  the  decomposition 
was  first  order,  and  allowed  the  calculation  of  tentative  rate  con¬ 
stants  and  an  activation  energy.  Although  the  results  as  reported 
were  correct,  there  were  some  experimental  drawbacks.  Specifically, 
Delta  was  Introduced  into  a  cold  reactor  and  then  Immersed  in  a  hot 
bath.  The  time  required  to  reach  the  desired  temperature  was  rela¬ 
tively  long,  and  although  decomposition  was  taking  place  at  the 
lower  temperature,  no  sample  was  removed  for  analysis  until  ambient 
temperature  was  reached.  Thus,  the  analysis  was  not  of  a  reaction 
under  Isothermal  control.  The  sample  volume  also  was  large,  1.6^ 
of  the  reactor  volume,  which  could  cause,  after  repeated  samplings, 
a  change  in  the  mechanism. 

Subsequent  modifications  of  the  vacuum-reactor  system,  in  particular 
the  reduction  of  the  sampling  volume  and  the  audition  of  a  pressure 
tranducer ®  ,  and  development  of  a  teclmlque  of  loading  Delta  into  a 
hot  bomb  and  of  almost  immediate  sam.pllng,  have  corrected  the  draw¬ 
backs  mentioned  above.  More  Importantly,  it  has  revealed  that  there 
may  be  more  than  one  mechanism  for  the  decomposition  of  Delta. 
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2.  Stoichiometry 

The  stoichiometry  ot  ^he  co'npj.ete  o^Cs^mj.' •'sition  Delta  apparently 
follows  'he  euMatlo  . 

C(NP2)4  ->  CP4  +  V5  NPa  +  4/5  Ns  (24) 

This  1'  based  on  a  decomposition  of  17O.8  mg.  of  Delta  for  16  hours 
at  175°C.  and  on  the  mass  spectral  findings  for  NP3,  as  compared  to 
the  theoretically  expected  percentages  for  equations  (24)  and  (25). 

C(NP2)4  CP4  +  NP3  +  4/3  Ns  +  1/2  Ps  (25) 

3.  Decomposition  Intermediates  and  Products 

Delta  was  expected  to  be  similar  in  its  decomposition  kinetics  to 
compound  R,  (Np2)3CP,  with  C-N  homolytic  cleavage  to  form  -NPs  radi¬ 
cals  and  activation  energies  of  the  order  of  magnitude  as  reported 
for  R.  Compound  H,  (NP2)aCP2,  and  CP3NP2  were  found  in  appreciable 
amounts  in  the  decomposition  of  The  appearance  of  compound 

H  and  CP3NP2  as  decomposition  products  may  be  predicted  for  R, 
based  on  the  assumption  that  the  relative  abundance  of  the  cations 
listed  in  the  mass  spectrum  of  R  by  American  Cyanamid^^  and  Minne¬ 
sota  Mining^^  are  an  indication  of  the  comparative  ease  in  breaking 
and  forming  bonds. 

The  same  assumption  about  the  mass  spectra  for  Delta  would  tend  to 
indicate  that  among  the  decomposition  products  R,  PPP,  Np2C=(NP)P, 
or  PPG,  (NP2)2C=NP,  CP3NP2,  as  well  as  N2,  CP4,  and  NP3,  are  ex¬ 
pected  to  be  found,  but  relatively  little  or  no  compound  H.  At 
present,  the  products  N2F4>  CP3NP2,  PPP,  PPG,  CP4,  NP3,  N2  and, 
under  special  conditions,  H  have  been  identified. 

4.  Kinetics 


a.  Constant  Temperatures  -  The  results  of  each  run  will  be  pre¬ 
sented  in  order  of  decreasing  temperature,  and  unless  otherwise 
noted,  the  technique  of  expanding  Delta  into  the  hot  reactor  was 
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u. .  In  addition,  the  pressure -time  results  indicate  that  the 
reaction  proceeds  almost  instantaneously  with  the  exposure  of  Delta 
to  the  hot  reactor^ . 


The  rate  constants  for  the  final  reaction  period  as  calculated  by 
the  method  of  least  squares  are  given  in  Table  XI, 

Since  the  half  life  of  Delta  at  200‘’C,  is  very  short,  no  kinetic 
data  on  the  decomposition  of  Delta  was  possible,  and  only  a  single 
point  relative  to  the  amount  of  Delta  was  obtained.  Analysis  of 
subsequent  samples  indicated  that  the  concentrations  of  PFF,  PFG, 
and  an  unknown  were  increasing  with  time  while  that  of  Delta  had 
almost  reached  zero.  The  original  Delta  sample  for  this  run  was 
condensed  into  the  reactor,  warmed  to  room  temperature,  and  then 
immersed  in  a  hot  oil  bath. 


A  second  decomposition  at  200°C.  was  made  in  an  attempt  to  dupli¬ 
cate  the  earlier  run.  No  correspondence  was  obtained,  the  primary 
reason  being  the  difference  in  the  technique  of  introducing  Delta 
into  the  reactor.  Again,  no  klne-t-ic  data  on  the  def’omposition  of 
Delta  were  possible. 


The  unknown  Intermediate  observed  in  the  decompu^itlon  at  200°C., 
using  a  25-foot  dual  FX  45*  column  was  not  definitely  identified®. 
Howe, er,  the  infrared  spectrum, Figure  l8,  of  a  small  sample  col¬ 
lected  from  a  reaction  at  190‘’C.  using  a  45-foot  dual  FX  45  column 
suggests  that  the  compound,  may  be  diazlrldlne .  The  conclusion  la 
based  primarily  upon  a  comparison  of  the  spectra  reported,  for  com¬ 
pounds  "E"  and  "G",  and  for  the  corresponding  unsaturated  compounds 
(diazirines )® .  It  is  believed  that  the  unknown  compound  may  be 


bis (difluoroamlno)dlazlrldlne. 


/  \ 

NFs  NF 


Mass  spectral  analysis 


A  fluorocarbon  obtained  from  Minnesota  Mining  and  Manufacturing 
Ccmpany . 
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Table  XI. 

First  Order  Rate  Constant 
Versus  Temperature  for  Delta 


Temp . 
°C. 

Type 

Reaction 

k  X  10';^' 
seconds'^ 

tl/2 

minute 

Pi 

mm. 

190 

Neat 

7.69 

15.0 

150.0 

190 

Neat 

7.61 

15.1 

132.2 

180 

Neat 

2.98 

38.8 

154.8 

180 

N2F4(5^) 

2.89 

39.98 

158.5 

180 

Neat 

2.45 

47.44 

94.9 

179 

Neat 

2.68 

43.1 

154.0 

00 

Packed 

1.73 

66. 6 

127.2 

175 

Neat 

1.27 

90.6 

87.9 

175 

Neat 

1.37 

84.6 

123.4 

170 

Neat 

1.05 

110.5 

152.5 

170 

Neat 

0.954 

121. 1 

104.0 

169 

Neat 

1.01 

114.3 

156. 1 

168 

Neat 

0.683 

169.1 

103.9 

160 

Neat 

0.295 

391.4 

153.5 

150 

Neat 

0.151 

766.6 

131.3 

150 

Neat 

0.186 

622.4 

151.8 

150 

N2P4{5^) 

0.105 

1098.1 

100.4 

150 

NzP4{5^) 

0.098 

1176.4 

92.5 

150 

Packed 

0.148 

779.8 

153.0 

140 

Neat 

0.064 

1796.5 

130.5 

l40 

Neat 

0.074 

1563.2 

148.0 
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of  the  sample  could  not  give  a  definite  answer,  since  the  cracking 
patterns  of  all  these  NP  materials  are  similar. 

Two  decompositions  at  190 ®C.  gave  similar  results.  Little  or  no 
PPF  or  PPG  was  observed  chromatographically .  A  plot  of  log  of  the 
concentration  of  Delta  (mg.)  versus  time  (lO^  sec.).  Figure  19#  gave 
a  linear  relationship  Indicating  that  the  disappearance  of  Delta  at 
this  temperature  was  first  order.  There  was  some  N2F4;  however, 
the  amount  could  not  be  determined  using  thermal  conducts. /Ity  ae- 
tectors  on  the  dual  column  chromatograph,  because  as  the  N2P4  passes 
over  the  filaments  some  of  It  dissociates  endothermically  causing  a 
negative  deflection  of  the  recorder  pen.  The  remainder  of  the  pro¬ 
ducts  at  this  temperature  was  Identified  as  N2,  CF4,  and  NPa. 

Examination  of  the  data  from  the  several  l30“C.  runs  Indicates  the 
existence  of  an  Initial  reaction  period  during  which  about  30^  to 
of  the  starting  amount  of  Delta  disappears.  This  part  of  the 
reaction  will  be  discussed  more  fully  later.  After  this  Initial 
period  of  about  15  minutes,  the  reaction  appears  to  follov;  a  first 
order  law  with  respect  to  Delta,  Figure  20. 

A  5^  mixture  of  N2P4  and  Delta  w?.s  decomposed.  The  results.  Figures 
20,  21,  and  22,  Indicate  that  the  N2P4  Increases  the  Initial  rate  of 
Delta,  then  as  the  N2P4  concentration  passes  through  a  maximum  and 
begins  to  decrease,  the  rate  of  disappearance  of  Delta  approaches 
that  of  the  neat  reaction.  Further  evidence  that  N2P4  increases 
the  reaction  rate  of  Delta  Is  the  fact  that  PPF  and  PPG  reach  their 
maximum  concentration  about  15  minutes  sooner  than  In  the  neat  re¬ 
action. 


A  reaction  was  run  at  179‘’C 

1  T  ^  r«  o  4  *>> 

A  y  VAAW  A  w  Xii 

180 ‘’C. 


,  and  considering  the  temperature  dlf- 


^ CiuCii  u 


J  ^ 


the  uai/a  reporueu.  loi" 


Another  monel  reactor  was  packed  with  monel  wire.  The  surface  to 
volume  ratio  was  changed  from  0.83:1  to  4.67:1.  The  reactor  was 
charged  with  Delta  and  the  decomposition  at  178°C.  followed 
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Pig.  19  -  First  Order  Kinetic  Plot  at  190°C.  for  Delta 
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Fig.  20  -  First  Order  Kinetic  Plot  at  l80°C.  for  Delta 
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Pig.  21 


Peak  Height  vs.  Time  for  Qas  Phase  Decomposition 
of  Delta  at  180®C.  and  Pl-15^.8  nm. 


CONFIDENTIAL 


CONFIDENTIAL 


Fig.  22  -  Peak  Height  vs.  Time  for  the  Gas  Phase  Decomposition 
of  Delta  at  Pl«158.5  {5%  Tetrafluorohydrazlne) 
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chromatographic ally.  These  data.  Figure  20,  Indicate,  Just  as  In 
previous  runs,  that  there  Is  an  Initial  rt-'^ctlon  peiiod  of  possibly 
higher  order.  Comparison  of  these  data,  after  correcting  to  the 
operating  conc’.tlons  of  the  neat  reaction  at  l8o°C.,  Pi=94.9  mm., 
suggests  that  ti  e  reaction  Is  quite  complex. 

Examination  of  the  curves  Indicates  that  under  these  operating  condi¬ 
tions  the  decomposition  Is  homogeneous;  at  least  the  rate  of  reaction 
Is  not  greater  In  the  packed  reactor. 

Early  In  the  program  two  kinetic  runs  were  made  at  17*5  J.  The  bomb 
was  charged  by  condensing  Delta  Into  the  reactor,  which  was  Immersed 
Into  the  hot  oil  bath.  The  data.  Figure  2’,  Indicate  only  that  the 
reaction  could  be  first  order  and  that  one  mechanism  Is  observed. 


The  two  runs  at  170°C.  and  one  at  l69°C.  Indicate  that  there  Is  an 
Initial  reaction  period  of  probably  higher  order.  In  which  a  large 
portion  of  the  Delta  has  apparently  decomposed  (Figure  24). 

An  early  decomposition  at  l68°C.,  using  the  method  of  loading  the 
bomb  then  Immersing  In  the  hot  oil,  gave  data  that  were  consistent 
with  a  previous  report®. 

The  single  study  at  l6o°C.^  was  the  first  to  show  that  there  was 
a  possibility  of  either  a  heterogeneous  reaction  occurring  Initially 
or  two  mechanisms  being  Involved  in  the  decomposition  (Figure  24) . 
Consequently,  It  was  stated  that  the  lower  temperature  reactions 
would  not  be  studied,  but  further  work  at  l8o°C.  and  170®C.  (see 
above)  showed  this  same  apparent  high  order  In  the  Initial  period. 

It  was  then  decided  to  study  the  decomposition  at  150°C.  and  l4o°C. 


^  ET \T  n 

A-  ^  V  A  CAV  ^  $  Cfirto  liVCbV  X  CCI.U  O.^ViiO  ^  UWW  WXOii  ^^2^' 4 

and  one  with  the  packed  reactor  (Figure  25);  and  two  runs  were  also 
made  at  140®C.  (Figure  26).  By  going  to  these  lower  temperatures. 
It  was  hoped  that  the  Initial  reaction  period  would  sufficiently 
Increase  In  time  to  allow  the  determination  of  the  Initial  order. 
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Pig.  25  -  Graphical  Representation  of 
Disappearance  of  Delta 
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Fig.  24  -  First  Order*  Kinetic  Plot  for  the 
Decomposition  of  Delta  at  170®C.  and  l6o°C. 
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26  -  First  Order  Kinetic  Plot  of  the 
Decomposition  of  Delta  at  I'lO^C. 
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b.  Initial  Reaction  -  During  the  initial  reaction  period,  the  rate 
of  reaction  is  effected  by  the  change  in  initial  pressure  of  Delta 
and  by  the  addition  of  NaP4.  Calculation  of  the  initial  orders  (n), 
by  the  method  of  initial  rates  give  n=2  for  the  reactions  at  l4o®C. 
and  150°C.  This  same  calculation  at  170®C.  and  l8o°C.  gives  n=5 
and  1,  respectively,  and  at  190®C.  the  initial  reaction  is  too  fast 
to  observe.  The  packed  vessel  reactions  at  178®C.  and  150 ®C.  showed 
that  the  rate  of  reaction  had  Increased  in  the  initial  period  due 
possibly  to  the  increase  in  the  surface  to  volume  ratio.  The  con¬ 
clusions,  therefore,  ai’e  that  the  reaction  in  this  initial  period 

is  of  higher  order,  and  thus  pressure  (concentration)  dependent, 
and  that  the  reaction  may  in  part  be  heterogeneous  during  this  ini¬ 
tial  period. 

c.  Final  Reaction  -  The  final  reaction  period  is  considered  to  be 
homogeneous,  mostly  first  order  in  Delta, and  complex.  The  effect 
of  pressure  can  be  seen  on  the  first  order  specific  rate  constants 
(Table  XI  and  Figure  27).  The  rate  constants  appear  to  be  dependent 
on  the  initial  pressure  of  Delta,  the  higher  the  pressure  the  greater 
the  rate  constant,  except  at  high  temperature  where  the  deviation 
between  the  high  and  low  pressure  rate  constants  is  less.  It  may 

be  expected  that  at  constant  temperature  a  high  pressure  and  a  low 
pressure  limit  may  exist  for  the  first  order  specific  rate-  constant, 
which,  of  course,  is  not  probable  for  first  order  reactions.  The 
observed  pressure  effect  is  more  likely  due  to  a  competing  higher 
order  reaction. 

The  Arrhenius  plot  of  the  first  order  specific  rate  constants. 

Figure  27>  indicates  that  at  150®C.  and  l4o®C.,  the  slope  of  the 
line  may  be  changing  in  such  a  manner  as  to  suggest  a  change  in 
the  mechanism.  A  review  of  the  data  from  the  packed  vessel  decom¬ 
position  at  150*C.  (Figures  26  and  27)  Indicates  that  the  reaction 
is  Independent  of  the  surface  area,  and  therefore  not  'leterogeneous. 

A  competing  higher  order  reaction  with  a  lower  activation  energy 
would  have  a  similar  effect  on  an  Arrhenius  plot  if  the  rate  con¬ 
stants  were  calculated  erroneously  on  the  basis  of  a  purely  first 
order  mechanism. 
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Therefore,  at  about  150“C.  the  duration  of  the  initial  reaction  has 
effectively  been  Increased,  with  the  dominant  reaction  having  an  order 
(n)  greater  than  one.  As  the  ambient  temperature  of  the  decomposition 
is  increased,  the  first  order  competing  reaction  with  a  higher  activa¬ 
tion  energy,  becomes  more  dominant  until  at  190®C.  it  is  the  primary 
reaction.  However,  the  decomposition  is  still  not  totally  first  order. 

The  activation  energy  derived  by  the  method  of  least  squares  in  the 
temperature  Interval  190®-170“C.  is  42.5  kcal./mole,  log  A  =  l6.94 
seconds"^,  which  has  been  related  to  the  homolytlc  rupture  of  the  C-N 
bond  in  Delta.  However,  the  average  frequency  factor  for  most  first 
order  unlmolecular  reactions  is  10^^  to  10^^  seconds*^.  The  calculated 
value  of  10^®  seconds”^  also  suggests  that  the  mechanism  may  be  complex. 

5.  Mechanism 

a .  Squatlons  -  The  possible  mechanloin  is  described  in  the  following 
statements.  Free  radicals  are  initiated  by  splitting  the  molecule  at 
its  weakest  link.  A  chain  is  propagated  when  one  of  these  radicals  {or 
both)  abstracts  F  from  the  parent  compound  to  form  a  stable  intermediate 
and  a  new  free  radical.  The  free  radical  may  stabilize  itself  by  split¬ 
ting  off  NF2 .  Chain  termination  then  occurs  through  association  or  dis¬ 
proportionation  of  the  radicals. 

Estimated 
A "r  ggakcal ./mole 


C(NF2)4  •C(NF2)3  +  ‘NF2 

+  52 

(26) 

•NF2  +  C(NF2)4  NF3  +  FNC(NF2)3 

+  8 

(27) 

FI5c(NF2)3  •NF2  +  FN=C(NF2)2 

-  71.7 

(28) 

•NF 

•C(NF2)3  F-Cr-(NF2)2 

•NF  F® 

-  6.0 

(29) 

F-N-(NF2)2  ‘NFs  4.  P-C  =  NP 

-  66. >1 

•NF2  ^  1/2  N2F4 

-  11.1 

(51) 

a 


The  reaction  of  the  trls-NF2  free  radical  with  the  parent  molecule  is 
given  below.  The  heat  of  reaction  is  estimated  to  be  -6l  kcal./mole. 

C(NF2)4  +  •C(NF2)3  ->  F-C(NF2)3  +  FNC(NF2)3  (32) 
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However,  no  compound  R  was  observed.  The  unlmolecular  stabilization 
ol  the  trls-NP2  free  radical,  thus,  seems  more  likely  to  occur,  equa¬ 
tions  (29)  and  (30),  then  the  blmolecular  reaction,  equation  (32;. 

The  mechanlLm  above  predicts  the  Increase  In  concentration  of  NP3 
-'’.nd  PPG  upon  the  addition  of  NPa  in  the  form  of  N2P4  In  the  reaction 
zone,  but  not  that  of  PPP.  Since  an  Increase  In  the  PPP  concentration 
was  also  observed,  equation  (33)  is  written  purely  as  speculation  to 
account  for  the  Increased  yield  In  PPP. 

NP2 

(NP2)2C=NP  - >  ♦C=NP  +  •NP2 

•NP 

<p-ab3tractlon 
P  P 

The  Initial  products  given  by  this  mechanism  are  MPa  ana  PPG  [equa¬ 
tions  (27)  and  (28)]. 

However,  at  190°C.  very  little  PPG  or  PPP  Is  observed.  Decreasing 
the  reaction  temperature  to  l80®C.  Increases  the  amount  of  observed 
PPG.  Observations  at  temperatures  below  l8o®C.  again  show  a  decrease 
In  the  amount  of  PPG  produced,  which  Is  expected.  The  Implication 
Is  txiat  the  rate  of  decomposition  of  PPG  under  these  experimental 
conditions  Is  similar  to  the  rate  of  decomposition  for  Delta  at 
190°C.  and  l80°C.,  and  Is  greater  than  the  rate  for  Delta  at  temper¬ 
atures  less  than  l80°C. 

b.  Mathematical  Treatment  -  The  decomposition  system  Is  too  compli¬ 
cated  for  an  exact  mathematical  treatment  at  this  time.  However, 
some  reasonable  limiting  cases  can  be  considered. 

The  stationary-state  solution  to  a  first  approximation  Is  obtained 
by  letting  Z‘*  equal  any  free  radical.  Then  Initially, 

=  ki[C(NF2)4]  -k(Z-)® 


♦Most  of  Z*  are  *NF2. 


-66- 

CONFIDENTIAL 


CONFIDENTIAL 


where  k  is  a  composite  term  and  k:(Z.)^  implies  that  free  radicals 
disappear  in  pairs.  Then, 


=  0  gives  (Z-) 


ss 


ki[C(NFg)43 

k 


1/2 


for  the  steady  state  approximation.  For  long  chains, 

k3[C(NP2)4](Z-)  =  k3[^]‘'^^C(NP3)4]^'^^ 

suggesting  that  the  initial  rate  may  be  5/2  order  in  Delta. 

The  steady  state  solution  for  ‘NFa  gives  the  result  that  (NP?)„_  = 

M  O 

constant,  where  the  constant  is  a  function  of  all  the  many  rate 
constants.  The  result,  valid  at  long  time,  is: 

=  k3Cc(NP2)4](NFa-)gs  =  k‘[C(NP2)4J  first  order. 

The  equilibrium  constant  for  equation  (51)  also  controls  (•NP2)__ 

s  s 

at  long  times, 

(•NP=),3  =  K^,^'^(N3P4)^/^ 

but  N2P4  Will  come  to  the  same  steady  state  value  regardless  of 
whether  it  is  added  initially  or  not.  Therefore,  only  the  initial 
rate  is  affected  by  adding  N2F4,  which  should  be  proportional  to 
(N2P4)^/^  added. 

c.  Estimated  Thermodynamics  -  The  estimated  heats  of  reaction 
were  calculated  from  the  tabulated  heats  of  formation  given  in 
the  JANAF  Thermochemical  Tables®®  and  the  JANAP  Propellant  Ingre¬ 
dient  Tables®'^.  The  heat  of  formation  of  'C (1^2)3  was  calculated 
from  the  heat  of  reaction  of  equation  (26)  which  was  assumed  to 
be  the  average  C-N  bond  energy  in  Delta,  and  "R”. 

The  heat  of  fornatlon  of  the  free  radical  PN-C(NF2)3  was  simply 
estimated  as  that  of  the  calculated  for  the  reaction; 

•NFa  ->  ‘NP  +  ‘F 
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Pig.  27  -  Arrhenius  Plot  of  the  Thermal  Decomposition  of  Delta 
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•  NF 

The  value  for  for  the  free  radical  P-C(NP2)2  was  based  upon 
the  estimate  for  •C(NP2)3  and  the  calculated  heat  of  reaction  for 
equation  (lO)  and  the  AHj.(CP). 

B.  EXPERIMENTAL  METHOD 

The  experimental  vacuum  system  Is  shown  schematically  In  Figure  28. 
The  experimental  procedure  to  manipulate  the  sample  In  this  system 
Is  as  follows;  The  complete  system,  glass  and  monel.  Is  evacuated 
to  0.5|J  up  to  the  Hoke  valves  6,  3,  and  2.  The  bath  Is  raised  to 
a  point  where  the  oil  level  Is  jUSt  below  valve  8,  and  the  bath 
heated  to  the  selected  temperature.  Prepurlfled  Delta  Is  Intro¬ 
duced  by  expansion  through  the  glass  system  valve  b,  up  to  the  monel 
valve  6  and  monel  "T",. valve  5f  with  glass  valves  a  and  c  being 
closed.  The  pressure  Is  noted  on  the  Helse  vacuum  gauge,  valve  5 
Is  opened,  allowing  Delta  to  expand  Into  the  155  cc.  high  pressure 
Hoke  monel  cylinder,  then  valve  8  Is  closed,  and  the  pressure  noted 
again . 

To  quench  the  decomposition,  the  sampling  volume  Is  water-cooled 
by  several  windings  of  l/8"  tubing.  Sampling  of  the  gaseous  pro¬ 
ducts  Is  accomplished  by  trapping  a  sample  between  valves  7  and  8, 
then  expanding  to  the  volume  between  valves  6  and  4.  Valve  5  Is 
then  closed.  Valve  1  Is  closed,  valve  2  opened  to  allotf  helium  to 
enter,  and  then  closed.  This  is  done  to  prevent  the  reverse  surge 
of  helium  from  the  detector  column.  Valves  4,  and  6  are  then 
opened  In  succession,  and  the  sample  passed  through  to  the  chromato¬ 
graph  . 

The  system  Is  then  prepared  for  the  next  sample  by  closing  valves 
6  and  3.  Valve  1  Is  opened  and  the  system  Is  evacuated  up  to  the 
"T"  valve.  The  remaining  entrapped  gases  between  valves  5  and  8 
are  condensed  Into  a  trap  at  b.  The  system  to  valve  8  Is  evacuated 
again  In  preparation  for  the  next  sample. 

Two  different  packings  In  25-foot  dual  columns  were  used  In  the 
analysis  of  the  decomposition  products.  The  first  column  was 
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Fig'.  28  -  Experimental  Reactor  and  Vacuum  System 


CONFIDENTIAL 


packed  with  F-45''‘  on  Chromasorb  W.  Although  good  separations 
could  be  obtained  by  operating  at  or  near  room  temperature,  the 
retention  time  and  dragging  effect  on  Delta  was  Increased,  which 
was  a  disadvantage  In  obtaining  data  points  relatively  close  to 
one  another.  For  this  reason,  the  change  was  made  to  a  second 
VPC  column  packed  with  Dow  Corning  Fluorosllane  fluid,  FS 
1265,  on  Chromasorb  W,  which  gave  comparable  resolution  of  reac¬ 
tion  products,  as  well  as  a  decrease  In  retention  time  of  Delta. 

C .  PREPARATION  OF  DELTA 


Compound  Delta,  tetrakl3(dlfluoroamlno)methane,  has  been  synthe¬ 
sized  by  two  different  reaction  processes.  One,  developed  by  the 
Minnesota  Mining  and  Manufacturing  Company,**  Involves  the  reac¬ 
tion  of  ammonia  and  perfluoroguanldlne  (PFG)  followed  by  the 
direct  fluorinatlon  of  the  adduct.®®  The  other  process,  developed 
by  the  American  Cyanamld  Company,®®  Is  similar  and  Involves  the 
reaction  of  Isocyanlc  acid  (HNCO)  and  PFG  to  form  the  adduct  fol¬ 
lowed  by  direct  fluorinatlon  to  Delta.  Scale-up  by  Cyanamld  to 
the  povind-quantlty  level  Is  In  progress.  Dow  selected  the  latter 
approach  and  Installed  a  gram-scale  unit  to  produce  sufficient 
quantities  of  Delta  for  use  in  the  kinetic  study. 

1.  Process  Description 

Isocyanlc  acid,  prepared  by  the  depolymerization  of  cyanurlc  acid, 
and  perfluoroguanldlne  were  charged  to  a  clean,  dry  reactor  con¬ 
taining  catalyst,  potassium  thiocyanate,  and  solvent,  sulfur  di¬ 
oxide.  The  react'>nts  were  condensed  Into  the  reactor,  a  small, 
glass  flask  equipped  with  a  magnetically  driven  stirrer,  at  -90°C. 
and  slowly  warmed  to  the  reaction  temperature  of  -30 °C.  After  the 
reaction  was  complete,  unreacted  starting  materials  and  solvent 
were  removed  by  vacuum  stripping  at  -25 ®C.  The  adduct  was  stripped 
from  the  reactor  at  ambient  temperature  and  collected  In  a  modi¬ 
fied  centrifuge  tube  at  -78'’C. 

*A  fluorocarbon  obtained  from  Minnesota  Mining  and  Manufacturing  Co. 

**3M  designation  for  (F£N)4C  is  "Compound  T." 
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Gaseous  nitrogen  was  slowly  bubbled  through  the  liquid  at  ambient 
temperature  to  sweep  the  adduct  into  a  copper  coil  fluorlnatlon 
reactor.  Addition  of  a  dilute  fluorine  stream  resulted  in  the 
vapor  phase  fluorlnatlon  to  trls-lsocyanate.  Further  fluorlnatlon 
In  the  presence  of  NaP  converted  the  trls-I  to  Delta,  The  product 
was  collected  In  a  U-tube  at  -100 ®C. 

2.  Results 

Results  were  extremely  erratic  with  52  of  4o  runs  falling  to  yield 
adduct.  The  remaining  8  runs,  summarized  In  Table  XII,  produced 
35  grams  of  Delta  with  a  purity  In  excess  of  Yields,  based 

on  the  Isocyanlc  acid,  were  low  In  the  early  runs  but  Increased 
to  4o^  to  50^  In  later  rtins.  Seven  runs  were  terminated  by  ex¬ 
plosion  Most  of  these  explosions  occurred  during  addition  of  the 
PPG  to  the  reactor  and  were  related  to  Its  sensitivity.  Remaining 
explosions  occurred  after  the  adduct  was  stripped  from  the  reactor 
and  were  apparently  initiated  by  the  reactor  residue. 

Reaction  conditions  were  varied  considerably  as  a  result  of  the 
low  yields  and  unreactlvlty .  iZxcess  PPG  was  used  In  all  runs  with 
the  molar  ratio  varying  from  1.01  to  2.15.  Catalyst  ratio  was 
varied  from  l.l4  to  3.75nig.KSCN  per  mmol.  PPG.  Most  of  the  runs, 
however,  were  between  1.5  and  2.0.  Two  time -temperature  rela¬ 
tions  were  used;  (l)  2  hours  at  -30®C.,  and  (2)  l8  hours  at 

-70°C.  followed  by  45-6o  minutes  at  -30 ‘’C.  A  25  volume  percent 
mixture  of  fluorine  In  nitrogen  was  used  In  all  fluorlnatlons. 

These  variations  were  attempts  to  Improve  the  yield  or  Initiate 
the  reaction  and  Included  no  process  parameter  studies. 

3.  Dlacuaslon 


The  major  problem  encountered  In  the  preparation  effort  was  Incon 
slstent  results.  Lack  of  reaction  between  the  PPG  and  Isocyanlc 
acid  was  apparent  In  a  number  of  runs.  Early  rvins  were  plagued 
by  Isocyanlc  acid  decomposition  and  polyir.crlzatlon  In  addition  to 
Inadeqviate  agitation.  Modi!  atlons  In  handling  technique  and 
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Flow  rate  for  Fa  and  Na  was  80  cc./mln.  and  240  cc./mln.,  respectively. 
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i?eactor  design  solved  thesj  problems.  PFQ  quality  became  the 
principal  problem  In  later  runs  and  will  be  discussed  In  detail, 
Fluorlnatlon  to  trls-I  and  Delta  proceeded  as  planned. 

Reaction  between  the  PFG  and  Isocyanlc  acid  did  not  occur  as  shown 
by  the  recovery  of  approximately  80^^  of  the  PFG  In  one  run.  Infra¬ 
red  analysis  of  the  vent  gases  Indicated  similar  results  In  several 
other  runs.  This  lack  of  reactivity  appeared  to  be  deactivation 
of  the  catalyst.  Analytical  analysis  of  the  solvent  and  reactants 
failed  to  yield  any  clues.  Inspection  of  the  reaction  system  and 
manifold  reveals  no  deposits  or  other  sources  of  contamination. 
After  considerable  effort ,  the  problem  was  finally  Isolated  and 
found  to  be  related  to  some  Impurity  or  Impurities  In  the  PFG. 

The  PFG  used  In  this  work  was  prepared  by  the  aqueous  fluorlnatlon 
of  guanidine  hydrofluoride  and  purified  by  vacuum  stripping  until 
the  PFG  content  was  In  excess  of  95/^-  Small  scale j  laboratory 
work  revealed  that  chromatographic ally  pure  PFG  always  produced 
adduct  while  the  vacuum  stripped  material  did  not.  Further  puri¬ 
fication  by  vacuum  stripping  was  unsuccessful  and  usually  resulted 
In  an  explosion.  Chromatography  was  not  economical  and  distilla¬ 
tion  not  practical  because  of  the  relatively  high  purity  of  the 
stripped  sample. 

Since  PFG  purity  was  critical  and  catalyst  deactivation  was  the 
apparent  problem,  an  attempt  was  made  to  remove  the  deactivating 
Impurity  from  the  PFG  by  passing  It  through  a  bed  of  vacuum  dried 
KSCN  at  ambient  temperature.  The  bed  turned  yellow  on  the  Influent 
side,  indicating  a  reaction,  and  the  treated  PFG  resulted  In  the 
desired  adduct.  Delta  yields,  based  on  the  HNCO,  averaged  4o^  to 
50jb  in  runs  where  the  treated  PFG  was  used. 

Chromatographic  studies  of  treated  and  untreated  PFG  using  electron 
capture  techniques  showed  that  no  single  Impurity  of  measurable 
quantit^y  was  removed.  Concentration  of  several  impurities,  how¬ 
ever,  were  significantly  reduced.  Therefore,  either  the  reduction 
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in  concentration  or  the  removal  of  some  very  low  concentration 
impurity  was  responsible  for  the  lack  of  reactivity.  No  further 
attempts  were  made  to  elucidate  the  effect  of  the  KSCN  treatment. 

D.  SUMMARY  AND  CONCLUSIONS 

The  kinetics  of  decomposition  of  Delta  are  considered  to  be  pri¬ 
marily  first  order  at  190 ®C.  and  l8o°C.  The  reaction  appears 
homogeneous.  The  specific  rate  constant  at  each  10®  Interval  from 
190®C.  to  l4o®C.,  derived  on  the  assumption  that  the  reaction  is 
first  order  in  Delta  show?  a  dependence  on  the  initial  pressure  of 
Delta.  At  lower  temperatures  the  distinction  of  the  exact  .order 
of  the  decomposition  is  difficult  since  the  data  of  the  final  reac¬ 
tion  period  is  a  result  of  competing  reactions.  The  Arrhenius  plot 
of  the  derived  first  order  constants  suggests  a  change  in  mechanism 
at  150®C.  The  results  from  a  reaction  run  at  150 ®C.  in  the  packed 
reactor  indicate  a  homogeneous  reaction.  The  implication,  there¬ 
fore,  is  that  at  150°C.  the  reaction  Is  not  totally  first  order, 
rather  it  appears  to  be  of  higher  order,  possibly  3/2. 

It  is  believed  that  there  are  two  competing  reactions  occurring 
in  the  decomposition  of  Delta.  At  high  temperatures,  the  higher 
order  reaction  is  surpressed,  but  becomes  more  dominant  as  the 
reaction  temperature  is  lowered. 

The  existence  of  competing  reactions  leads  to  a  situation  where, 
in  a  given  range  of  temperatures  and  pressures,  a  series  of  radi¬ 
cal  reactions  yields  a  variety  of  products.  This  multiplicity  of 
products  complicates  the  task  of  unraveling  the  reaction  mechanism. 
In  such  cases  the  method  usually  consists  of  determining  quanti¬ 
tatively  the  stable  products  during  the  course  of  the  process; 
the  order  in  which  the  various  products  appear;  the  effect  of  each 
intermediate  and  final  product  on  the  reaction;  the  rates  of  for¬ 
mation  and  disappearance  of  the  intermediate  products;  the  rate  of 
formation  of  the  final  products;  and  the  effect  of  pressure  on  the 
overal  reaction.  Therefore,  considerably  more  research  is  required 
to  complete  the  kinetics  of  decomposition  of  Delta. 
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The  proposed  mechanistr.  of  decomposition  of  INFO  635  in  the  solid 
phase  and  in  acidic  solution  compares  in  certain  respects  with 
that  of  Delta  in  the  gas  phase.  If  the  initial  step  is  the  homo- 
lytic  rupture  of  the  C-N  bond  then,  similarly,  the  use  of  an  ex¬ 
ternal  additive  to  desensitize  Delta  is  impossible. 
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Calculation 


where 


where 


V .  APPENDIX 

kg 

of  ratio  - 


dClNFOj  _  \[INF0]  ^  kgjj+[lNPO] 

<it  [F] 


^  [INFO] 

kg  =  rate  constant  for  amine 

kgg+  =  rate  constant  for  ammonium  ion 


d[lNFO] 

[INFO] 


dt  =  k^^  dt 


k^y  =  overall  first  order  rate  constant 


log  I^INFO]”  ^  ^ov  t 

[info]  2.503 


^ov 

2.303 


t 


at  pH  =  1  ^  ^ 
kQy[H'^]  at  pH  =  3  1 


^B  ^BH"^  (O'l)  -  50 

^B  ^a  +  ^BH+  1 


kBH+  =293.0 
kg  =  2.31  X  10® 


(la) 


(2a) 


(pa) 

(4a) 

(5a) 

(6a) 

(7a) 

(8a) 
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DISTRIBUTION 

Four  copies  of  this  report  have  been  forwarded  to  the  Air  Force 
Rocket  Propulsion  Laboratory  (RPCS),  Edwards,  California.  Further 
distribution  has  been  made  In  accordance  with  CPIA  Distribution 
List,  Section  I,  all  categories,  plus  Section  II,  categories  1 
through  3,  of  the  March,  I965  edition,  CPIA  Publication  No.  74, 
and  modifications  thereof . 
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)].  ABSTRACT 

The  decon^osltlon  of  INFO-635P  In  various  fonid  has  been  studied  In  dilute 


aqueous  solution.  Decomposition  of  the  A  form  of  1NP0*635P  is  rapid  at  room 
ten^erature  and  takes  place  unlmolecularly.  In  the  solid  state,  detonation 
occurs  almost  Immediately  In  anhydrous  ammonia  gas.  The  tris-  group  of  INFO- 
635P  In  acid  decomposes  .*>^1  100°C.  by  homolytic  rupture  into  free  rewllceds,  and 
the  final  products.  One  of  these  final  products  seems  to  act  as  a  reducing 
agent  In  acidic  solutions  and  thin  should  be  tested  conclusively  for  the  solid 
decompositions  as  well.  In  general,  the  gaseous  product  distribution  frc«n 
solid  phase  decomposition  Is  similar  to  that  In  acid  solution. 


The  kinetics  of  decomposition  of  compound  Delta  Is  complex.  At  the  high  end  of 
the  temperature  rnnge  studied,  140°-19(!)°C . ,  the  dominant  reaction  is  first  order 
in  Delta,  and  homogeneous.  A  second  competing  mechanism  becomes  more  dominant 
at  the  Intermediate  temperatures  whera  no  distinct  first  order  rate  can  be  ob¬ 


served.  The  reaction  at  thesa  lower  tenperatures  is  homogeneous,  and  possi'ly 
3/2  order. 
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